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Under sponsorship of NASA/ERC, techniques s u f f i c i e n t l y  compatible 
as t o  be  usable  i n  a commercial s i n g l e  c r y s t a l  growth apparatus  have 
been developed t o  produce high-quality s i n g l e  c r y s t a l s  of G a A s ,  InAs, 
Gap, InP, GaSb, and InSb. These techniques w e r e  used success fu l ly  f o r  
a l l  of t h e s e  materials wi th  t h e  exception of InP. Single  c r y s t a l s  of 
InP could not be grown from commercially a v a i l a b l e  r a w  materials, which 
were phosphorus-deficient.  
The l iquid-encapsulated Czochralski c r y s t a l  growth process w a s  
used both t o  suppress t h e  l o s s  of v o l a t i l e  components from the  melts and 
t o  d i s s o l v e  non-volat i le  f i l m s  from t h e i r  su r f aces .  High-purity B 0 
w a s  used as an encapsulant,  and ambient furnace gas  p re s su res  ranged 
from 3 p s i g  f o r  I d s  t o  800 ps ig  €o r  Gap. 
2 3  
C r y s t a l s  of a l l  of t h e s e  materials have been grown wi th  equivalent  
o r  higher p u r i t i e s  than t h e  s t a r t i n g  materials using t h e  B 0 encapsu- 
l a t e d  growth process.  There appears  t o  be l i t t l e  contamination of t h e  
m e l t s  by t h e  encapsulant o r  t h e  c r u c i b l e s .  
Gap, and InSb with carrier concentrat ions below 10  per c m  were re- 
producibly grown. G a A s  c r y s t a l s  with carrier concentrat ions as low as  
2 3  
Sing le  c r y s t a l s  of GaAs, 
16 3 
7 3 3 10  per cm3 and GaP samples as  low as 10  per crn were a l s o  grown, but  
they were undoubtedly compensated. Comparisons of t h e  carrier concen- 
t r a t i o n s  i n  the  feed materials wi th  those  i n  t h e  c r y s t a l s  show t h a t  
t h e r e  i s  l i t t l e  seg rega t ion  of t h e  e l e c t r i c a l l y  dominant impur i t i e s  i n  
I d s ,  Id', and GaSb during s o l i d i f i c a t i o n .  Achieving the  des i r ed  car- 
rier concentrat ion (below 1 0 l 6  per  cm ) i n  t h e s e  c r y s t a l s  w i l l  r e q u i r e  
t h e  use of purer feed materials. 
3 
E lec t ron  and ho le  m o b i l i t i e s  observed i n  t h e s e  c r y s t a l s  show t h a t  
good q u a l i t y  c r y s t a l s  of a l l  of t h e  compounds i n v e s t i g a t e d  can be pro- 
duced by t h e  l iquid-encapsulated Czochralski technique. 
1 
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GaAs c r y s t a l s  up t o  2-1/2 inches  i n  diameter w e r e  produced. The 
maximum diameters  of c r y s t a l s  t h a t  can be  produced by t h i s  process  are 
l i m i t e d  only by t h e  same f a c t o r s  which set  t h e  upper diameter l i m i t s  i n  
normal Czochralski  growth. 
Compounds w i t h  h igh ly  v o l a t i l e  c o n s t i t u e n t s  can be  synthesized under 
a B 0 encapsulant .  S to i ch iomet r i c  G a A s  and phosphorus-deficient GaP 
m e l t s  w e r e  synthesized by t h i s  technique. 
clear t o  i n i t i a t e  Czochralski  growth without  handling t h e  m e l t  f u r t h e r .  
2 3  
The B 0 remained s u f f i c i e n t l y  2 3  
The procedures used f o r  growing s i n g l e  c r y s t a l s  of t h e s e  s i x  com- 
pounds are presented i n  s u f f i c i e n t  d e t a i l  t h a t  they may be reproduced i n  
o t h e r  l a b o r a t o r i e s .  
2 
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11. INTRODUCTION 
Commercial and t e c h n i c a l  i n t e r e s t  i s  inc reas ing  i n  t h e  1 1 1 - V  class 
of i n t e r m e t a l l i c  compounds f o r  use i n  s o l i d - s t a t e  devices ,  p a r t i c u l a r l y  
GaAs,  Gap, and t h e i r  mixtures  f o r  l igh t -emi t t ing  diode app l i ca t ions .  
Numerous devices  based on s i n g l e  c r y s t a l s  of t hese  compounds have beer! 
produced on a labora tory  s c a l e ,  and many w i l l  be  produced a t  f u l l  pro- 
duc t ion  levels i n  t h e  near f u t u r e .  Even though t h e  p rope r t i e s  of many 
of t h e  pure,  mixed, and doped compounds have appeared i n  t h e  technica l  
l i t e r a t u r e ,  s i n g l e  c r y s t a l s  wi th  t a i l o r e d  p rope r t i e s  have genera l ly  not  
been a v a i l a b l e  t o  r e sea rche r s .  There is  a l s o  a n  obvious need f o r  ad- 
vancing t h e  s t a t e  of t h e  a r t  of processing technology t o  make growth of 
l a r g e  s i n g l e  c r y s t a l s  f e a s i b l e .  This  program w a s  c a r r i e d  out  from June 
1968 t o  June 1970 (experimental  work c a r r i e d  ou t  only during the  f i r s t  
18-month per iod)  wi th  t h e  o b j e c t i v e  of s a t i s f y i n g  these  needs f o r  NASA/ 
ERC . 
The p a r t i a l  p re s su re  of one of t h e  elements of many of t h e  1 1 1 - V  
compounds a t  t h e i r  mel t ing p o i n t s  i s  s u f f i c i e n t l y  high t h a t  s p e c i a l  
growth techniques must be  employed t o  prevent  excess ive  devia t ions  from 
t h e  des i r ed  s toichiometry o r  dopant levels.  Vapor pressures  range from 
1 /3  a t m  of a r s e n i c  i n  equi l ibr ium wi th  an  InAs m e l t  a t  942°C t o  35 a t m  
of phosphorus i n  equi l ibr ium wi th  a GaP m e l t  a t  1450°C. 
T r a d i t i o n a l l y ,  t h e  l o s s  of v o l a t i l e  c o n s t i t u e n t s  has  been cont ro l led  
by e i t h e r  lowering t h e  equi l ibr ium vapor pressure  o r  maintaining t h e  
equi l ibr ium atmosphere over t h e  m e l t .  
by growing a t  low temperatures from s a t u r a t e d  s o l u t i o n s .  This  type of 
growth i s  charac te r ized  by slow growth rates,  entrapped so lven t ,  and 
s m a l l ,  randomly nucleated c r y s t a l s .  The hot-wall au toc laves  t h a t  main- 
t a i n  equi l ibr ium atmospheres over t h e  m e l t s  are t y p i c a l l y  complex and 
un re l i ab le .  Their u se  i s  l imi t ed  i n  p r a c t i c e  t o  t h e  a r sen ides ,  s i n c e  
t h e r e  are  no materials which can support  t h e  stress levels a t  tempera- 
t u r e s  requi red  f o r  t h e  phosphides without  contaminating t h e  m e l t s  
The vapor p re s su re  can be lowered 
3 
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excessively.  It i s  t h e  inhe ren t  complexity of t h e  hot-wall apparatus  
t h a t  has l i m i t e d  t h e  s i z e  of t h e  1 1 1 - V  s i n g l e  c r y s t a l s  grown by t h e  
Czochralski  technique. 
Metz e t  al.") descr ibed a n  approach t o  c o n t r o l l i n g  t h e  vapor l o s s e s  
from contained m e l t s  which i s  b a s i c a l l y  d i f f e r e n t  from those  discussed 
above. They used a l i q u i d  encapsulat ion technique, shown schematical ly  
i n  F igu re  1, f o r  growth of PbSe and PbTe s i n g l e  c r y s t a l s .  
method, t h e  v a p o r i z a t i o n  rate from t h e  compound m e l t  i s  reduced by t h e  
presence of a nonreact ive,  low-vapor-pressure l i q u i d  encapsulant.  I f  
t h e  ambient gas  p r e s s u r e  i s  higher  than t h e  vapor p re s su re  of t h e  m e l t ,  
n u c l e a t i o n  of vapor bubbles is  prevented and t h e  vapor i za t ion  l o s s  is  
l i m i t e d  t o  t h a t  which occurs  by d i f f u s i o n  through t h e  l i q u i d  encapsulant.  
The encapsulant  must b e  less dense than t h e  molten compound, t r anspa ren t ,  
chemically i n e r t ,  and have a low s o l u b i l i t y  i n  t h e  compound. 
I n  t h i s  
Mullen e t  a1 . (2 )  r epor t ed  t h e  u s e  of t h i s  method f o r  t h e  growth of 
I d s  and GaAs from s t o i c h i o m e t r i c  m e l t s .  
used, and B 0 w a s  found t o  be  t h e  b e s t  material t o  encapsulate  t hose  2 3  
two a r s e n i d e s .  Very l i t t l e  boron contamination of t h e  111-V m e l t s  oc- 
c u r s  from t h e  B 0 
f o r e i g n  metallic oxides  from t h e  melts(3)  and t o  e f f e c t i v e l y  remove 
trace oxide i m p u r i t i e s  from t h e  s u r f a c e  of t h e  charge be fo re  i t  m e l t s .  
A v a r i e t y  of encapsulants  were 
The l i q u i d  B203 w a s  r epor t ed  t o  act  as a g e t t e r  f o r  2 3' 
(2) 
The p r i n c i p a l  advantage of t h e  l i q u i d  encapsulat ion technique i n  
t h e  growth of high-vapor-pressure, high-melting-point compounds is  t h a t  
t h e  high-temperature r e g i o n  of t h e  c r y s t a l  growing furnace can be  con- 
f i n e d  t o  t h e  m e l t  and c r u c i b l e .  The cooled w a l l s  of t h e  containing 
j a c k e t  need only withstand a n  i n e r t  gas p r e s s u r e  equal  t o  t h e  d i s soc ia -  
t i o n  p r e s s u r e  of t h e  most v o l a t i l e  c o n s t i t u e n t ,  and t h e  w a l l s  of t h e  
p re s su r i zed  con ta ine r  do n o t  come i n  con tac t  w i th  t h e  c o r r o s i v e  a r s e n i c  
o r  phosphorus vapors .  
The l i q u i d  encapsulat ion technique has  been used s u c c e s s f u l l y  
throughout t h i s  program, both t o  c o n t r o l  vapor l o s s e s  and t o  c l e a n  m e l t  
s u r f a c e s  of oxide f i lms .  
4 
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Compound 
Melt \ 
Inert Atmosphere 
I i" 
FIGURE 1 LIQUID-ENCAPSULATION TECHNIQUE 
5 
/Liquid O3 
The o b j e c t i v e s  of t h i s  program have been t o  (a )  grow s i n g l e  c r y s t a l s  
of GaAs ,  Ids, Gap, InP, GaSb, and InSb and t o  relate t h e  growth parame- 
ters t o  t h e  p r o p e r t i e s  of f u l l y  cha rac t e r i zed  crystals with t h e  goal of 
achieving carrier concen t r a t ion  l e v e l s  below per  cm , (b) develop 
procedures t o  syn thes i ze  the high-vapor-pressure compounds under a n  en- 
capsulant  from condensed-phase c o n s t i t u e n t  elements, (c) supply s i n g l e  
c r y s t a l s  t o  NASA/ERC f o r  i n t e r n a l  and sponsored r e sea rch  programs, and 
(d) document t h e  growth procedures i n  s u f f i c i e n t  d e t a i l  t o  permit repro- 
duc t ion  i n  o the r  l a b o r a t o r i e s .  
3 
On t h e  b a s i s  of a program p lan  formulated during d i scuss ions  w i t h  
t h e  c o n t r a c t  monitor,  s ing le -c rys t a l  growth experiments have been made 
wi th  G a A s ,  Ids, Gap, InP, GaSb, and InSb during t h i s  program. High- 
p u r i t y  s i n g l e  c r y s t a l s  of a l l  t h e  compounds have been produced wi th  
t h e  exception of InP; a l l  InP boules grown were p o l y c r y s t a l l i n e .  Syn- 
t h e s i s  experiments were made wi th  GaSb, InSb, G a A s ,  and Gap. The pro- 
cedures used f o r  each compound d i f f e r  and are discussed i n  d e t a i l  i n  
t h e  following s e c t i o n s .  
6 
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111. TECHNIQUES AND APPARATUS 
A .  CRYSTAL GROWTH APPARATUS 
Crys t a l  growth experiments undertaken during t h e  program were made 
by s o l i d i f y i n g  d i r e c t l y  from s to i ch iomet r i c  m e l t s  using t h e  Czochralski 
and v e r t i c a l  Bridgman modes of growth. 
i s  near ly  opt imal  w i th  r e spec t  t o  c rys t a l log raph ic  q u a l i t y ,  ease of seed- 
ing ,  r e l a t i v e l y  rap id  growth rate, and s i z e  of c r y s t a l s  t h a t  can be 
grown. The Bridgman technique permits  long-duration, slow-growth-rate 
runs t o  be made wi th  a minimum of superv is ion .  
The Czochralski  growth technique 
Gallium and indium antimonides have been grown both wi th  and with- 
out  l i q u i d  (B 0 ) encapsulants ,  s i n c e  t h e  vapor p re s su res  i n  equi l ibr ium 
wi th  these  s to i ch iomet r i c  antimonide m e l t s  are s u f f i c i e n t l y  low t h a t  t h e  
m e l t s  do not  s h i f t  from t h e i r  s to i ch iomet r i c  compositions during t h e  
c r y s t a l  growth process .  
t h e  furnace atmosphere and charge are not  f r e e  of oxygen. The B 0 en- 
capsulant  proved u s e f u l  i n  d i s so lv ing  t h e  oxide f i l m s  from t h e  sur faces  
of t h e  m e l t s ,  making t h e  growth of s i n g l e  c r y s t a l s  poss ib l e .  The gal l ium 
and indium a r sen ides  and phosphides were melted under a B 0 2 3  
t o  suppress  t h e  l o s s  of a r s e n i c  and phosphorus from t h e  melts. Operating 
furnace  atmosphere p re s su res  during c r y s t a l  growth ranged from 3 ps ig  f o r  
InAs up t o  800 ps ig  f o r  Gap. Pressures  up t o  1250 ps ig  were employed 
during syn thes i s  experiments. 
2 3  
Non-volati le,  s o l i d  f i l m s  form on both m e l t s  i f  
2 3  
encapsulant 
The c r y s t a l  growth experiments were ca r r i ed  out  i n  two c r y s t a l  
growing furnaces  a v a i l a b l e  a t  ADL. The antimonides and arsenides  w e r e  
grown i n  a s tandard Model MF' furnace  (Figure 2 ) ,  which has a maximum 
opera t ing  pressure  of 300 ps ig ;  t h e  phosphides were grown i n  a prototype 
high-pressure Model HP furnace  (Figure 3 ) ,  which can be operated a t  pres- 
su res  up t o  1250 ps ig .  Despi te  t h e  r e l a t i v e l y  l a r g e  number of growth 
experiments scheduled i n  t h e  s tandard MP furnace,  no antimonide and few 
arsenide  growth experiments were made i n  t h e  HP furnace  t o  avoid poss ib l e  
contamination e 
7 
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FIGURE 2 ARTHUR D e  LITTLE MODEL ME' CRYSTAL GROWING FURNACE 
8 
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FIGURE 3 ARTHUR D. LITTLE HIGH PRESSURE MULTIPURPOSE CRYSTAL 
GROWING FURNACE 
9 
The s tandard Model MP furnace can be operated i n  l a b o r a t o r i e s  a t  
p re s su res  up t o  300 p s i g  without  providing special  p r o t e c t i v e  enclosures  
f o r  t h e  furnace.  Even though t h e  chamber of t h e  Model HP fu rnace  i s  
ASME code-approved f o r  ope ra t ion  a t  p re s su res  up t o  1500 p s i g ,  i t  i s  
suggested t h a t  a t  p re s su res  above 300 p s i g  i t  should be operated re- 
motely i n  a c e l l  t h a t  i s  adequate t o  p r o t e c t  personnel i f  a f a i l u r e  
should occur .  
c lo sed -c i r cu i t  t e l e v i s i o n .  The degree of v i s i b i l i t y  a t t a i n e d  wi th  t h i s  
system i s  shown i n  F igu re  4 .  
The growth process  w a s  monitored p r imar i ly  by means of 
The r f  power s u p p l i e s  f o r  both fu rnace  systems w e r e  con t ro l l ed  by 
s a t u r a b l e  co re  r e a c t o r s .  The c o n t r o l  s i g n a l s  o r i g i n a t e d  e i t h e r  from a 
thermopile (Honeywell Radiamatic Head) heated by r a d i a n t  h e a t  t r ans -  
mi t t ed  from t h e  susceptor  by means of a sapph i re  l i g h t  pipe,  o r  from a 
r e c t i f i e d  s i g n a l  taken from a c o i l  ad j acen t  t o  one of t h e  r f  l eads .  
The f i r s t  maintains  a cons t an t  temperature a t  a po in t  i n  t h e  susceptor  
and t h e  second a cons t an t  i n p u t  power level.  Both were used s u c c e s s f u l l y ,  
bu t  t h e  temperature f l u c t u a t i o n s  a t  t h e  o u t e r  s u r f a c e  of t h e  suscep to r ,  
induced by convective h e a t  l o s s e s ,  make t h e  r f  power sensor b e t t e r  s u i t e d  
t o  high-pressure (P > 300 ps ig )  c r y s t a l  growth. A t  f i x e d  c o n t r o l  p o i n t s ,  
t h e  temperatures a t  t h e  bottom of c r u c i b l e s  remained wi th in  +0.2"C a t  
temperatures up t o  1250°C and fu rnace  p res su res  up t o  30 ps ig  when t h e  
l i g h t  pipe-Radiamatic Head sensor  w a s  used and w i t h i n  - + l . O ° C  a t  tempera- 
t u r e s  up t o  1500°C and p res su res  of 800 p s i g  wi th  t h e  r f  power sensor.  
C r y s t a l  growth r u n s  were not  made w i t h  t h e  c o n t r o l  s i g n a l  o r i g i n a t -  
ing from a thermocouple pos i t i oned  e i t h e r  a t  t h e  circumference of t h e  
c e n t r a l  a x i s  of t h e  suscep to r .  Thermocouples posi t ioned a t  t h e  circum- 
f e rence  d id  not  prove r e l i a b l e  due t o  a rc ing  t o  t h e  grounded thermocouples 
from e i t h e r  t h e  c o i l  o r  t h e  suscep to r  through t h e  ceramic i n s u l a t o r s .  
Thermocouples pos i t i oned  a t  t h e  c e n t r a l  a x i s  of t h e  susceptor  were n o t  
s a t i s f a c t o r y  f o r  c o n t r o l l i n g  t h e  r f  power l e v e l ,  s ince there  i s  an ex- 
c e s s i v e  l a g  between a var i ed  r f  power level and t h e  temperature response 
a t  t h i s  p o s i t i o n .  
10 
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FIGURE 4 .  LIQUID ENCAPSULATED InP CRYSTAL GROWTH RTJN VIEWED BY 
CLOSED CIRCUIT TELEVISION. BN SEED HOLDER, SEED, BOULE, 
SUSCEPTOR, CRUCIBLE AND RADIATION SHIELDS ARE DISTIN- 
GUISHABLE. AN ELECTRICAL CONTACT USED TO DETERMINE 
WHEN THE SEED AND MELT ARE JOINED I S  SHOWN AT UPPER 
RIGHT HAND SIDE OF CRUCIBLE. 
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1. Czochralski  Growth S t a t i o n  
The rf-heated Czochralski  c r y s t a l  growth s t a t i o n  w a s  designed t o  
m e e t  t h e  fol lowing cr i ter ia :  
(a)  To achieve  maximum uniformity of temperature i n  t h e  susceptor .  
(b) To have a l a r g e  thermal mass, which reduced t h e  ra te  of tem-  
pe ra tu re  f l u c t u a t i o n s  due t o  r f  power level f l u c t u a t i o n s .  
(c )  To reduce t h e  a x i a l  temperature g rad ien t  i n  t h e  c r y s t a l s  
above t h e  m e l t  as f a r  as poss ib l e  while  r e t a i n i n g  coverage of 
t h e  boules  wi th  t h e  B 0 
To monitor temperature i n  a p o s i t i o n  t h a t  i s  c lose ly  r e l a t e d  
t o  t h e  a c t u a l  m e l t  temperature.  
encapsulant .  2 3  
(d) 
The c r y s t a l  growth s t a t i o n  shown schematical ly  i n  Figure 5 and i n  
ope ra t ion  i n  Figure 6 achieved t h e s e  goa ls  f o r  temperatures up t o  150OOC 
and ambient gas  p re s su res  up t o  800 ps ig .  It proved rugged and r e l i a b l e  
i n  ope ra t ion  whi le  allowing maximum v i s i b i l i t y  of t h e  growth process .  
The p o s i t i o n  of t h e  growth s t a t i o n  i n  t h e  c r y s t a l  growing furnace is 
shown i n  Figure 7 .  The dimensions of t h e  susceptor  and r a d i a t i o n  sh ie ld-  
ing  were varying s l i g h t l y  with d i f f e r e n t  c ruc ib l e s .  
The g raph i t e  susceptor  (Ul t ra  Carbon Grade UF4S, Bay Ci ty ,  Michigan) 
w a s  shaped and sh ie lded  t o  enhance uniformity of temperature i n  t h e  v i -  
c i n i t y  of t h e  c ruc ib l e .  The sh ie ld ing  cons is ted  of two concent r ic  fused- 
s i l i c a  tubes  and a p y r o l y t i c  g raph i t e  p l a t e  which supported t h e  inner  
fused - s i l i ca  tube.  The inner  tubular  s h i e l d  w a s  t r ans lucen t  t o  i nc rease  
t h e  absorbtance of I R  r a d i a t i o n  from t h e  susceptor ;  t h i s  reduced t h e  
temperature d i f f e rence  between t h i s  s h i e l d  and t h e  susceptor ,  which is  a 
d r iv ing  f o r c e  f o r  convect ive gas  flow adjacent  t o  t h e  susceptor .  It is  
e s s e n t i a l  t h a t  t h e  s h i e l d s  f i t  t h e i r  supports  t i g h t l y  t o  prevent  t he  
f r e e  f low 01 cooled gas  i n t o  t h e  bottom of t h e  growth s t a t i o n .  The ou te r  
convective s h i e l d  i s  not  necessary f o r  growth a t  pressures  below 30 ps ig .  
G a l l i u m  a r sen ide  and gal l ium phosphide c r y s t a l s  were grown from 2-inch 
I D  S i 0  c r u c i b l e s  using a l a r g e r  susceptor  which c lose ly  f i t s  t h e  outer  
radiat ion-convect ion sh ie ld .  
2 
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1 1/4" x 1 1/4" Fused Silica Crucible I- 
f -  
Graphite Contact Graphite Susceptor 
Sapphire - 
Light Pipe 
Hollow Stainless Steel Pulling 
Shaft dith Molybdenum Thermocouple 
Protection Tube Welded at Top 
Pt = PtlO% Rh Thermocouple 
FIGURE 5 CRYSTAL GROWTH STATION USED FOR 
HIGH PRESSURE GROWTH RUNS (2/3 Scale) 
. Induction Coil - 1 1/4" 
Diameter Copper Tubing 
Fused Silica Radiation 
and Convection Shields 
Pyrolytic Graphite 
Radiation Shield 
Molybdenum Support 
for Susceptor 
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FIGURE 6 L I Q U I D  ENCAPSULATED GaAs CRYSTAL GROWTH RUN 
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FIGURE 7 CROSS SECTION OF MODEL HP 
CRYSTAL G ING FURNACE 
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The completion of a n  e lec t r ica l  c i r c u i t  w a s  used t o  i n d i c a t e  when 
a seed contacted t h e  s u r f a c e  of a m e l t  dur ing remotely operated high- 
p re s su re  c r y s t a l  growth experiments. The seed w a s  i n  e l e c t r i c a l  con- 
tact  wi th  t h e  grounded upper p u l l i n g  s h a f t .  
t ac t ,  shown i n  Figure 5,  extended i n t o  t h e  m e l t  (contained i n  a fused- 
s i l i ca  c r u c i b l e )  without  touching t h e  grounded susceptor .  
con tac t  w a s  grounded when t h e  seed contacted t h e  m e l t  su r f ace .  A d-c 
ohmmeter w a s  used t o  i n d i c a t e  when t h e  c i r c u i t  w a s  completed. 
has a s u f f i c i e n t l y  high r e s i s t a n c e  t h a t  l i t t l e  c u r r e n t  flowed when t h e  
seed w a s  only i n  t h e  E 0 and a marked change i n  r e s i s t i v i t y  w a s  evi- 
dent when t h e  s u r f a c e  of t h e  m e l t  w a s  f i r s t  contacted.  
A high-purity g r a p h i t e  con- 
The g r a p h i t e  
The B203 
2 3’ 
An a-c contact ing c i r c u i t  (Figure 8) w a s  designed but  never used, 
due t o  t h e  terminat ion of t h e  program; i t s  advantages over t h e  d-c c i r -  
c u i t  i nc lude  avoiding contamination by t h e  probe and t h e  use of con- 
duc t ive  c r u c i b l e s .  
Growth temperatures were monitored by a thermocouple posi t ioned a t  
t h e  bottom of t h e  c r u c i b l e  along t h e  c e n t r a l  a x i s  of t h e  susceptor  i n  
Figure 5. Platinum vs. platinum-10% rhodium thermocouples proved re- 
l i a b l e  up t o  14OO0C when i s o l a t e d  from t h e  g r a p h i t e  susceptor by a t an ta -  
l u m  p r o t e c t i o n  tube.  Molybdenum p r o t e c t i o n  tubes were used i n  ear l ier  
runs ,  bu t  above 1400°C (needed f o r  Gap) molybdenum r e c r y s t a l l i z e s  and 
becomes embr i t t l ed ;  t hus ,  they o f t e n  f a i l e d  due t o  stresses induced by 
t h e  mismatch i n  thermal expansion c o e f f i c i e n t s  between them and t h e  
s ta inless  steel support  s h a f t  o r  by improper handling. 
Tungsten 5% rhenium v s .  tungsten 26% rhenium thermocouples were 
used up t o  1600°C without  a p r o t e c t i o n  tube,  but  only i n  high-pressure,  
high-temperature growth runs ,  s i n c e  they a l s o  become embr i t t l ed  during 
use and are less r e l i a b l e  than t h e  platinum thermocouples. 
t i o n  v o l t a g e  i s  r e l a t i v e l y  high compared with t h a t  of o the r  thermocouples, 
but  i t  i s  not  as reproducible  as t h a t  of t h e  platinum-based thermocouple. 
Each batch of thermocouple w i r e  used i n  t h e s e  experiments w a s  t r a c e a b l e  
t o  NBS s tandards.  
Their junc- 
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Grounded upper 
pulling shaft 4 
Seed in electrical contact 
with upper pulling shaft 
-- 
- 0.06 /.P. 
- - - - 
Susceptor 
FIGURE 8 SCHEMATIC OF A.C. CIRCUIT TO INDICATE 
WHEN SEED IS IN CONTACT WITH MELT 
4 Lower Pulling Shaft 
17 
Arthur D Little, Inc 
2 .  Bridgman Growth S t a t i o n  
The Bridgman growth s t a t i o n ,  shown i n  Figure 9 ,  w a s  used i n  uni- 
d i r e c t i o n a l  s o l i d i f i c a t i o n  runs  wi th  non-stoichiometric InP. Heat w a s  
t r a n s f e r r e d  from a n  rf-heated susceptor  t o  a g r a p h i t e  c r u c i b l e  support .  
Metallographic a n a l y s i s  showed t h a t  t h e  h e a t  l o s s e s  w e r e  p a r a l l e l  t o  t h e  
l o n g i t u d i n a l  a x i s  of t h e  c r u c i b l e  as intended. The v i t r e o u s  s i l i c a  con- 
v e c t i o n  s h i e l d  f i t t e d  t h e  g r a p h i t e  base snugly t o  prevent f r e e  flow of 
gas along t h e  c r u c i b l e .  Temperature w a s  measured by means of a thermo- 
couple pos i t i oned  ad jacen t  t o  t h e  t i p  of t h e  c r u c i b l e .  A t y p i c a l  t e m -  
p e r a t u r e  h i s t o r y  p r o f i l e  is shown i n  Figure 10. 
3 .  Crucible  Materials 
The choice of c r u c i b l e  materials i s  g r e a t l y  l i m i t e d  f o r  l i q u i d -  
encapsulated c r y s t a l  growth, because t h e  c r u c i b l e  must be i n e r t  t o  both 
t h e  molten encapsulant and t h e  contained m e l t .  High-purity A 1  0 fused 
s i l i ca ,  v i t r e o u s  carbon, and p y r o l y t i c  BN have been discussed i n  t h e  
l i t e r a t u r e  as c r u c i b l e s  f o r  1 1 1 - V  m e l t s  encapsulated by B 0 On another  
program i t  w a s  found t h a t  A 1  0 
molten B 0 Cruc ib l e s  of bo th  v i t r e o u s  carbon (Vitreous Carbons, L td . ,  2 3' 
Evenwood, England) and fused s i l i ca  (Type 204 q u a r t z ,  General E l e c t r i c  
Co.) have been used s u c c e s s f u l l y  during t h e  program. The B 0 s t i c k s  
t o  both materials s u f f i c i e n t l y  t o  break t h e  c r u c i b l e s  upon cooling t o  
room temperature.  None of t h e  compounded m e l t s  appear t o  w e t  o r  s t i c k  
t o  e i t h e r  c r u c i b l e  material. Antimony, used t o  make up GaSb and InSb 
m e l t s  from mixed elements,  appears  t o  w e t  v i t r e o u s  carbon. 
2 3' 
2 3' 
c r u c i b l e s  were dissolved r a p i d l y  by 2 3  
2 3  
P y r o l y t i c  BN c r u c i b l e s  were used ex tens ive ly  i n  later runs with 
g r e a t  success .  I n i t i a l  experiments w i th  t h e s e  c r u c i b l e s  f o r  degassing 
t h e  B 0 
t h e  degassed B 0 This  d i d  no t  prove t o  be  a problem i n  t h e  c r y s t a l  
growth r u n s ,  however; t h e  s p a l l i n g  apparent ly  occurs only on cool ing.  
A l l  of t h e  1 1 1 - V  charges w e r e  e a s i l y  removable from Czochralski and 
Bridgman c r u c i b l e s  a f t e r  t h e  B203 encapsulant w a s  dissolved i n  warm 
water. The stresses i n  the  c r u c i b l e s  r e s u l t i n g  from t h e  high thermal 
expansion c o e f f i c i e n t  of t h e  adherent  B203 w e r e  r e l i e v e d  by 
encapsulant were discouraging,  s i n c e  BN ch ips  were found i n  2 3  
2 3' 
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FIGURE 9 BRIDGMAN GROWTH STATION 
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FIGURE 10 TYPICAL TEMPERATURE HISTORY FOR InP 
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delaminating t h e  p y r o l y t i c  material r a t h e r  than breaking t h e  c r u c i b l e s  
as w a s  t h e  case w i t h  v i t r e o u s  carbon and fused s i l i c a  c r u c i b l e s .  Since 
c r u c i b l e s  could b e  used as many as 15 t i m e s ,  t h e i r  e f f e c t i v e  c o s t  per  
run  w a s  comparable t o  t h a t  of t h e  less expensive c r u c i b l e s .  
B. L I Q U I D  ENCAPSULANT 
The h ighes t  p u r i t y  B203 commercially a v a i l a b l e  i n  lump form w a s  pro- 
duced by t h e  B r i t i s h  Drug House, Pool, Dorset ,  England during t h e  experi-  
mental p o r t i o n  of t h e  program. Material purchased from t h i s  source w a s  
used exc lus ive ly  during t h e  program. 
f r e e  of metal l ic  i m p u r i t i e s ,  i t  con ta ins  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of 
d i s so lved  water when r ece ived  from t h e  manufacturer.  It hydrates  s o  
quickly when exposed t o  t h e  atmosphere t h a t  i t  i s  i m p r a c t i c a l  t o  a t tempt  
shipment of material which is f r e e  of absorbed and dissolved water. 
This  water must b e  removed from t h e  B203 p r i o r  t o  i t s  usage as an en- 
capsulant  f o r  t h e s e  high-purity 111-V m e l t s  t o  prevent oxygen contamina- 
t i o n .  ) 
(Even though t h e  B 0 may be  q u i t e  2 3  
The water w a s  removed by vacuum-melting s m a l l  q u a n t i t i e s  of t h e  
g l a s s .  The fu rnace  used f o r  t h i s  purpose, shown i n  F igu re  11, has a 
resis tance-heated g r a p h i t e  element surrounding t h e  c r u c i b l e .  Mechanical 
and o i l  d i f f u s i o n  pumps w e r e  used t o  achieve a vacuum of 10  
temperature.  F i f t een -  t o  twenty-gram charges of B 0 were vacuum-melted 
t o  120OOC a t  a p r e s s u r e  of 
experiments. (See Appendix B f o r  handling procedures.)  The charges 
were cooled t o  room temperature p r i o r  t o  removal from t h e  vacuum furnace,  
because t h e  rate of r ehydra t ion  increased v i s i b l y  i f  t h e  B 0 w a s  only 
s l i g h t l y  w a r m  when exposed t o  a humid atmosphere. 
charges were s t o r e d  i n  a d e s i c c a t o r  evacuated t o  25 microns Hg. Charges 
have been s t o r e d  f o r  as long as t h r e e  weeks with no v i s i b l e  evidence of 
contamination by water. 
-4 t o r r  a t  
2 3  
t o r r  p r i o r  t o  useage i n  c r y s t a l  growth 
2 3  
The degassed B203 
Several  c r u c i b l e  materials were i n v e s t i g a t e d  f o r  degassing t h e  B,O,. 
Platinum has been used (2 ) ,  but i t  w a s  
c ious ly  t o  t h e  c r u c i b l e s .  Removal of 
L J  
found t h a t  t h e  B 0 s tuck  tena- 
t h e  degassed B203 from platinum 
2 3  
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c r u c i b l e s  r e s u l t e d  i n  both degrading t h e  c r u c i b l e s  and f r a c t u r i n g  t h e  
charge,  which exposed a l a r g e  s u r f a c e  area t o  rehydrat ion.  
t o  and broke v i t r e o u s  carbon and f u s e d - s i l i c a  c r u c i b l e s .  Chips of BN 
B203 stuck 
were observed i n  t h e  g l a s s  a f t e r  degassing i n  p y r o l y t i c  BN c r u c i b l e s .  
They a l s o  had t o  be  broken from t h e  degassed g l a s s ,  which w a s  prohibi-  
t i v e l y  expensive. 
B 0 
Removal of t h e  c r u c i b l e  ch ips  from t h e  dehydrated 
d id  n o t  appear a reasonable  approach. 
It w a s  found t h a t  B 0 does not  s t i c k  t o  c r u c i b l e s  made from e i t h e r  
2 3  
2 3  
95% Pt-5% Au o r  30% Pt-70% Au a l l o y s  (Engelhard, I n c . ,  Carteret, New 
J e r s e y ) ,  and t h e  degassed charges can be  removed i n t a c t .  I n i t i a l l y ,  t h e  
B 0 comes f r e e  of t h e  30% Pt-70% Au c r u c i b l e s  more e a s i l y  than those 
made of t h e  95% Pt-5% Au a l l o y ,  but  a f t e r  several 1200°C runs i n  vacuum, 
t h e  former become thermally etched a t  g r a i n  boundaries and t h e  B 0 
charge i s  "locked" i n  by mechanical i n t e r f e r e n c e .  
c r u c i b l e  has  been used t o  degas m o s t  of t h e  B 0 
gram wi th  l i t t l e  s i g n  of wear. 
2 3  
2 3  
A s i n g l e  95% Pt-5% Au 
used during t h i s  pro- 2 3  
Another approach f o r  handling t h e  degassed B 0 i s  t o  cast shaped 2 3  
d i s c s  by pouring i t  i n t o  cold molds wh i l e  i n  vacuum. 
C.  MELT-DOWN OF ENCAPSULANT AND CWARGE 
A two-step melt ing sequence w a s  found d e s i r a b l e  f o r  minimizing t h e  
The B203 w a s  l o s s  of v o l a t i l e  components from B 0 -encapsulated m e l t s .  2 3  
melted a t  approximately 65OOC i n  vacuum (P 10  t o r r ) .  Vacuum melt ing 
served two e s s e n t i a l  func t ions :  any water absorbed during handling w a s  
removed from t h e  B,O,, and t h e  molten B 0 
-3 
could f r e e l y  p e r c o l a t e  down 2 3  L J  
through t h e  charge and completely 
f i l l e d  w i t h  gas r a t h e r  than B203' 
through t h e  B203 encapsulant when 
loss of v o l a t i l e  component (As o r  
f i l l  a l l  voids .  I f  t h e s e  voids  were 
l a r g e  numbers of bubbles would rise 
t h e  charge w a s  melted,  allowing t h e  
P)  from t h e  m e l t .  
A f t e r  t h e  B 0 w a s  thoroughly degassed ( i . e * ,  when t h e  p re s su re  
returned t o  approximately 10  t o r r ) ,  t h e  ambient gas  w a s  introduced 
i n t o  t h e  furnace.  With r f  heat ing i t  i s  important t h a t  t h e  power be 
turned off p r i o r  t o  c l o s i n g  t h e  valve t o  t h e  vacuum system, o r  a r c ing  
-5 2 3  
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and/or t h e  formation of a corona is l i k e l y .  This  must be avoided, s ince  
i t  would l i k e l y  in t roduce  copper as an  impurity t o  t h e  mel t .  
Once t h e  furnace  atmosphere w a s  e s t ab l i shed  and t h e  power w a s  turned 
on aga in ,  t h e  temperature w a s  quickly r a i s e d  t o  t h e  operat ing l e v e l .  
Af te r  t h e  charge had melted,  c r y s t a l  growth followed convent ional  Czo- 
c h r a l s k i  procedures.  
D. SYNTHESIS OF COMPOUNDS 
InSb, GaSb, GaAs, and GaP i n t e r m e t a l l i c  compounds w e r e  synthesized 
d i r e c t l y  from condensed-phase component elements. 
c r y s t a l s  were grown from a l l  of t h e s e  synthesized m e l t s  except Gap. 
The techniques r equ i r ed  f o r  t h e  a r sen ide  and phosphide d i f f e r e d  from 
those  used f o r  t h e  antimonides because of t h e  high a r s e n i c  and phosphorus 
vapor pressures .  
High-quality s i n g l e  
S to ich iometr ic  q u a n t i t i e s  of gal l ium o r  indium w e r e  mixed wi th  
antimony. Synthes is  w a s  accomplished by hea t ing  t h e  mixtures  t o  t e m -  
pe ra tu re s  i n  excess of t h e  compounds' mel t ing p o i n t s ,  soaking f o r  one 
hour, f r eez ing ,  remelt ing,  and cool ing t o  room temperature.  No problems 
wi th  uncont ro l led  hea t ing  w e r e  encountered i n  t h e  exothermic r e a c t i o n  
with approximately 100-120 gm mixtures  of component elements.  
were not  grown from t h e s e  m e l t s  immediately a f t e r  r e a c t i o n ,  bu t  t h e r e  
is  no p r a c t i c a l  reason why t h i s  could not  have been done. 
Crys t a l s  
I n  both cases ,  a s o l i d  f i l m  formed on t h e  su r faces  of t h e  antimonide 
m e l t s  immediately a f t e r  r eac t ion .  The impuri ty  respons ib le  f o r  t h e  f i l m ,  
presumably oxygen, i s  bel ieved t o  have o r ig ina t ed  i n  t h e  elements 
(Ga 99.9999% United Mineral & Chemical Co,, I n  99.999% o r i g i n  unknown, 
Sb 99.999% Cominco American I n c . ) ,  s i n c e  i t  could be el iminated by sub- 
sequent processing of t h e  r eac t ed  charges.  The d e t a i l s  of t h e  techniques 
employed t o  remove t h e  f i l m  are given i n  t h e  d iscuss ions  of t h e  s p e c i f i c  
materials. 
Three G a A s  s y n t h e s i s  runs  (approximately 140 gm/run) were success- 
f u l l y  completed using a molten B203 encapsulant  and ambient gas  pressures  
up t o  800 ps ig  t o  suppress  a r s e n i c  l o s s e s .  Arsenic l o s s e s  i n  t h r e e  p r i o r  
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runs ,  which were made i n  the  s tandard MP c r y s t a l  growing furnace,  could 
not  be c o n t r o l l e d  due t o  i n s u f f i c i e n t  p re s su re  c a p a b i l i t y .  This possi-  
b i l i t y  w a s  a n t i c i p a t e d ,  but  t h e  use  of t h e  high-pressure HP furnace f o r  
t h e s e  syn thes i s  experiments w a s  postponed t o  avoid A s  contamination i n  
t h e  fu rnace  chamber. 
The a r s e n i c  and phosphorus p a r t i a l  p re s su res  i n  equi l ibr ium with 
elemental  a r s e n i c  and phosphorus are shown i n  Figure 12 as a func t ion  of 
temperature.  The A s  p a r t i a l  p re s su re  a t  t h e  melt ing po in t  of elemental  
A s  (E 20 a t m  @ 814') co inc ides  wi th  t h e  maximum pres su re  l i m i t  of t h e  
s tandard MP c r y s t a l  growing furnace.  The f i r s t  s y n t h e s i s  experiments 
were c a r r i e d  out t o  determine i f  t h e  r e a c t i o n  
G a  ( a )  + A s ( s )  -f GaAs(s) 
would proceed t o  completion and, i f  t h e  r e a c t i o n  
Ga ( a )  + As(2) -+ GaAs(s) 
proceeded, whether t h e  exothermic r e a c t i o n  rate could be con t ro l l ed  t o  
keep t h e  A s  p a r t i a l  p re s su re  from exceeding t h e  300-psi l i m i t  of t h e  
s tandard MP furnace.  
None of t h e s e  experiments proved success fu l .  The r e a c t i o n  between 
l i q u i d  G a  and s o l i d  A s  does n o t  proceed, even when t h e  elements are made 
up of intimately-mixed, f i n e  powders. Then t h e  A s  melted, p a r t i a l  re- 
a c t i o n  between t h e  elements occurred r a p i d l y ,  and a l a r g e  f r a c t i o n  of 
t h e  A s  (and B 0 ) w a s  l o s t  from t h e  m e l t  w i th  a n  ambient gas  p re s su re  of 
300 p s i .  
2 3  
In t h e  t h r e e  runs  made i n  t h e  high-pressure HP furnace,  t h e  a r s e n i c  
vapor w a s  s u c c e s s f u l l y  contained wi th  ambient p re s su re  of 800 p s i .  A 
f l a s h  of l i g h t  from t h e  charge and a sudden r i se  i n  t h e  ind ica t ed  t e m -  
p e r a t u r e  were observed a t  a thermocouple reading of approximately 710- 
760OC. The top of t h e  susceptor  w a s  v i s i b l y  h o t t e r  than t h e  r eg ion  ad- 
j a c e n t  t o  t h e  p o s i t i o n  of t he  thermocouple, s o  i t  is  l i k e l y  t h a t  t h e  
r ap id  r e a c t i o n  coincided with t h e  melt ing of t h e  A s .  
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The following hea t ing  cyc le  w a s  used i n  t h e  s i x t h  GaAs s y n t h e s i s  
run and w a s  found e n t i r e l y  s a t i s f a c t o r y :  
(a )  T = 300°C 
P = 10-4 t o r r  
1 2  hours 
Degas susceptor  
Vaporize a r s e n i c  oxide 
(b) T -+ 425°C 
P + 25 p s i  
2-4 hours 
Flow B2O3 
over charge 
(c) T -+ 525°C 
P -+ 800 ps ig  
1- 2 hours  
Drive B2O3 
i n t o  v o i d s  i n  charge 
(d) T -+ 1450°C 
P = 800 p s i  
1 hour 
React elements and 
form GaAs m e l t  
( e )  T = 1450 
P = 800 p s i  
1 hour 
Homogenize 
m e 1  t 
( f )  1450 -+ 1200 -+ 1450°C 
P = 800 p s i  
1/ 2 hour 
Freeze and remelt t o  
homogenize m e l t  
(g) T -t room temp 
P -t 20 p s i  
1/ 2 hour 
During s t e p s  (a )  and (b) t h e  susceptor  i s  posi t ioned l o w  i n  t h e  
r f  c o i l  t o  induce a n  i n v e r t e d ,  s t e e p  a x i a l  temperature g rad ien t  and a l -  
low t h e  B 0 t o  flow without  hea t ing  t h e  unreacted As excessively.  Once 
t h e  B 0 is  forced i n t o  t h e  vo ids  i n  t h e  charge,  a f t e r  s t e p  ( c ) ,  t h e  
susceptor  i s  r a i s e d  i n  t h e  r f  c o i l  u n t i l  a uniform temperature is induced 
i n  t h e  susceptor .  
mainder of t h e  s y n t h e s i s  run. 
2 3  
2 3  
It is  r e t a i n e d  i n  t h i s  p o s i t i o n  throughout t h e  re- 
Two at tempts  were made t o  form GaP from s to i ch iomet r i c  mixtures 
of gall ium and r ed  phosphorus gene ra l ly  following t h e  procedures used 
f o r  G a A s  bu t  with ambient furnace p res su res  of 1250 p s i g  of argon. All 
of t h e  phosphorus w a s  l o s t  from t h e  charge during t h e  f i r s t  syn thes i s  
run.  Approximately 35% of t h e  phosphorus r eac t ed  t o  form GaP i n  t h e  
second s y n t h e s i s  run. 
A systematic  series of GaP s y n t h e s i s  experiments could not  be pur- 
sued because of funding and t i m e  l i m i t a t i o n s  imposed by t h e  program; 
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however, two experiments were undertaken wi th  ADL funding because of t h e  
i n t e n s e  i n t e r e s t  i n  t h e  material. A t  t h i s  t i m e ,  t h e r e  is  no clear ex- 
p l ana t ion  f o r  t h e  phosphorus l o s s e s .  
before  any phosphorus w a s  v i s i b l y  l o s t .  Losses were evident  as soon as 
t h e  susceptor  became v i s i b l y  red  (thermocouple temperature a t  bottom of 
c r u c i b l e  w a s  approximately 3 5 O O C ) ;  however, no r ap id  exothermic r e a c t i o n  
w a s  observed as was t h e  case wi th  GaAs. The phosphorus w a s  probably not  
e n t i r e l y  r eac t ed  a t  t h e  t i m e  t h a t  t h e  temperature corresponding t o  a 
phosphorus vapor p re s su re  of 1250 p s i g  (approximately 780OC) w a s  reached. 
Phosphorus w a s  then  probably l o s t  e i t h e r  i n  t h e  form of vapor bubbles 
f l o a t i n g  up through t h e  B203 encapsulant  o r  perhaps t h e  bubbles may 
have become a t tached  t o  phosphorus p a r t i c l e s  and c a r r i e d  them up through 
t h e  B203. 
has a higher  dens i ty  than  B 0 
da ta  are l imi t ed  and c o n f l i c t i n g .  
were encouraging, bu t  f u r t h e r  work is requi red  t o  opt imize process  pa- 
rameters 
The B 0 flowed over t h e  charge 2 3  
There i s  a l s o  some unce r t a in ty  as t o  whether red phosphorus 
over t h e  e n t i r e  temperature range,  because 2 3  
The r e s u l t s  of t hese  two experiments 
Crys t a l  growth runs  were not  undertaken d i r e c t l y  a f t e r  GaAs syn- 
t h e s i s ,  a l though they c l e a r l y  could have been. The B 0 encapsulant w a s  
c l e a r ,  and t h e  su r face  of t h e  r eac t ed  m e l t  w a s  c lean .  This  syn thes i s  
technique o f f e r s  economic and probable  t echn ica l  advantages over con- 
ven t iona l  vapor-phase syn thes i s .  Large q u a n t i t i e s  of compound material 
can be synthes ized  r a p i d l y  ( i n  f a c t ,  a l l  s t e p s  of t h e  r e a c t i o n  procedure 
can be done more r ap id ly )  from inexpensive component elements, and 
Czochralski  c r y s t a l  growth can be i n i t i a t e d  without f u r t h e r  handling. 
Dopants can be added p r i o r  t o  syn thes i s .  
2 3  
E. CHARACTERIZATION OF MATERIALS 
Incoming materials and c r y s t a l s  grown during t h e  program w e r e  char- 
a c t e r i z e d  chemically by emission- and spark-source m a s s  spec t rographic  
ana lyses  and e l e c t r i c a l l y  by H a l l  measurements. 
d i s l o c a t i o n  e t c h  p i t  techniques w e r e  used t o  lesser e x t e n t s  t o  charac- 
t e r i z e  t h e  c rys t a l log raph ic  q u a l i t y  of t h e  c r y s t a l s .  X-ray f luorescence  
ana lyses  were used i n  a f e w  cases f o r  prel iminary analyses .  
X-ray topography and 
Arthur D Little, Inc 
Emission spectrographic  ana lyses  were made p r i n c i p a l l y  by t h e  
Jarrel-Ash Divis ion of F i she r  S c i e n t i f i c  Co., Waltham, Massachusetts, 
and Monsanto Go., St. Peters, Missouri .  Spark-source mass spectro-  
graphic  analyses  were c a r r i e d  o u t  by B e l l  & Howell, Pasadena, C a l i f o r n i a .  
Samples submitted f o r  chemical a n a l y s i s  were chemically pol ished (Ap- 
pendix C-2) and thoroughly r i n s e d  p r i o r  t o  shipment i n  sea l ed  polyethy- 
l e n e  bags. Both B e l l  & Howell and Monsanto re-etched t h e  samples before  
making t h e i r  analyses  
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I V .  CRYSTAL GROWTH EXPERIMENTS AND RESULTS OF CRYSTAL CHARACTERIZATION 
A t o t a l  of 55 c r y s t a l  growth experiments ( p l u s  1 3  s y n t h e s i s  experi-  
ments) were made during t h i s  c o n t r a c t  w i th  undoped G a A s ,  InAs, Gap, InP, 
GaSb and InSb. The growth parameters,  fu rnace  atmospheres, b r i e f  ob- 
s e r v a t i o n s ,  and r e s u l t s  of chemical and electrical  c h a r a c t e r i z a t i o n  are  
given i n  Tables 2 through 1 4 .  The r e s u l t s  of t h e  spectrographic  analy- 
ses of two l o t s  of B 0 
Table 1. 
be fo re  and a f t e r  degassing,  are given i n  2 3' 
In Tables  1, 3 ,  5 ,  etc. ,  which p resen t  t h e  r e s u l t s  of spectrographic  
ana lyses  c a r r i e d  ou t  a t  t h e  Jarrel-Ash Co., t h e  symbols r ep resen t  the 
following: 
WFT 
VFT 
FT 
T 
L 
M 
H 
- < 0.0001% (by weight) 
0.0001 - 0.001% 
0.001 - 0.01% 
0.01 - 0.1% 
0.1 - 1.0% 
1 .0  - 10.0% 
- > 10.0% 
The H a l l  measurements made a t  ADL and a t  Monsanto Co. were a l l  
c a r r i e d  ou t  a t  room temperature w i t h  t h e  except ion of those made on 
InSb. The la t ter  were made i n  a l i q u i d  N b a t h  a t  -195OC. H a l l  char- 
a c t e r i z a t i o n  of some h i g h - r e s i s t i v i t y  G a A s  and GaP samples were made 
a t  NASAIERC. 
2 
Photographs of r e p r e s e n t a t i v e  1 1 1 - V  boules grown during t h i s  
c o n t r a c t  are shown i n  Figures  13 through 17. 
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TABLE I 
CHEMICAL ANALYSES OF B2O3 SAMPLES AND VITREOUS CARBON CRUCIBLE 
(percent by weight *I 
32 Arthur D Little, Inc 
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TABLE I11 
CHEMICAL AND HALL ANALYSES OF GaAs SAMPLES 
(percent by weight) 
Raw Material 
1 Origin. [Monsanto IMonsanto I Monsanto I Monsanto I Monsanto 
I 
16 x10l6 1.2-2.1x10 
37 
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TABLE 111 (Continued) 
Raw Material 
Origin Mons anto Monsanto scrap B e l l  & H o w e l l  
15 2 7x10'~ 0 e 8-1.2~10 Carrier Conc 
MobcLlity 5400 4 700 1 4960 
n n n, 
Vitreous Carbon 
38 
TABLE I11 (Continued) 
Raw Material 
Arthur D Little, Inc. 39 
TABLE I11 (Continued) 
As H H H H H H H 
Raw Material 
- 
Origin B e l l  & Howell ADL B e l l  & H o w e l l  ADL 
15 
Conc 
Carrier 1 x 10l6 9 . 5 * ' X  10 
% b i l i t y  I 2250 1 285 2660 J 340-850 I 168 J 373 1 2 85 
Art Little, Inc. 40 
TABLE I11 (Continued) 
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TABLE V 
CHEIIICAL AND HALL ANA.J.,YSES OF InAs SAMPLES 
(percent by weight) 
Fe WFT VFT W F T  VVFT 
WFT 
cu W F T  VFT VFT 
W F T  
G a  VFT 
W F T  
As H H H H H 
I n  H H H H H 
Pb W F T  W F T  
Raw Material 
Origin Monsantoi Monsant o Monsant o Mons an t  o 
16 2.2xlO 16 2.2xlO 16 2 0 2x10 Carrier ! 16 Conc I2.2x10 
4 4 2.3~10 4
2.3~10 Mobility 4 1  2.3~10 2.3~10 
n n n n 
Boule 
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TABLE VI1 
CHEMICAL AND HALL ANfiYSES OF GaP SAMPLES 
(percent by weight) 
Raw Material I 
Element 
B 
S i  
Ca 
C r  - 
Mn 
Fe 
N i  
cu 
Ga 
Pb 
P 
TABLE VI1 (Continued) 
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TABLE IX 
CHEMICAL AND HAU ANALYSES OF Id? SAMPLES 
(percent by weight) 
50 
TABLE IX (Continued) 
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TABLE XI 
CHEXICAL AND HALL ANALYSES OF GaSb SAVLES 
(percent by weight) 
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TABLE XI11 
CHEMIC& AND HAU ANALYSES OF InSb SAMPLES 
(percent by weight) 
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TABLE X I V  
COMPARISON O F  CHEMICAL ANALYSES BY J U L L - A S H ,  BELL & HOWELL AND NONSANTO 
I I GaAs-8 B o t t o m  
W F T  
VFT Mg VVFT WFT ND .06 
VVFT 9.9 .01 ND W F T  A 1  VFT 
WFT VVFT 0.3 .8 W F T  
S i  VFT VPT . ,  
G a  H H H 
W F T  Pb ND ND ND ND 
Ag ND ND ND ND ND 
Sn ND ND ND ND ND 
r 1 I I I I 
I atomic I I I I 
k * X o n s a n t 3  ppm by ,xeight 
GaAs-11  T o p  
WFT ND e 03 VFT 
WFT I15 I .05 
H 
ND ND ND 
ND ND ND 
ND ND ND 
I I 
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TABLE XIV (Continued) 
Na I 
Ga H H 
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FIGURE 16 EQUlAXlAL GRAIN POLYCRYSTALLINE InP BOULE (5) 
THE HlGH DEGREE OF CONTROL OF THE GROWTH PROCESS 
IS EXHIBITED BY THE SHAPE OF THE BOULE 
6 1  
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FIGURE 17 CROSS SECTIONS OF GaAs BOULES 
(23 AND 24) IN PLASTIC MOUNTINGS 
GROWN BY THE LIQUID-ENCAPSULATED CZOCHRAbSKl 
PROCESS FROM AD -SYNTHESIZED MATERIAL 
62 
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V.  DISCUSSION OF CRYSTAL GROWTH EXPERIMENTS 
A. GENERAL OBSERVATIONS ABOUT THE LIQUID-ENCAPSULATED 
CRYSTAL GROWTH TECHNIQUE 
1. Evaluat ion as a C r y s t a l  Growth Process 
Although t h e  d e t a i l s  of l iquid-encapsulated growth of G a A s  and InAs 
have been unusually w e l l  reported i n  t h e  l i t e r a t u r e , ( 2 )  a number of de- 
t a i l e d  procedures had t o  be solved t o  make t h e  process  work s a t i s f a c t o r -  
i l y  f o r  t h e s e  materials, p a r t i c u l a r l y  f o r  InP and Gap. A crucible-growth 
s t a t i o n  had t o  be  developed which would provide adequate v i s i b i l i t y  of 
t h e  growth process  throughout t h e  e n t i r e  growth run while  inducing suf- 
f i c i e n t l y  s t e e p  temperature g r a d i e n t s  above t h e  c r u c i b l e  t h a t  would l ead  
t o  coverage of t h e  boules by t h e  B203 encapsulant without degrading t h e  
q u a l i t y  of t h e  c r y s t a l s .  Once s a t i s f a c t o r y  procedures were developed, t h e  
technique proved extremely f l e x i b l e  f o r  producing high-quality c r y s t a l s  of 
a number of  1 1 1 - V  compounds. 
C r y s t a l s  can be produced by t h i s  technique wi th  equivalent  o r  higher 
p u r i t y  than t h a t  of t h e  feed materials, provided t h e  B 0 i s  s u f f i c i e n t l y  2 3  
pure,  t h e  t i m e  a t  temperature is s h o r t ,  and materials handling procedures 
are c o r r e c t .  Su rp r i s ing ly  l i t t l e  boron (concentrat ion gene ra l ly  less than 
1-10 ppm by weight) is  introduced from t h e  B 0 
(up t o  1.5 inches p e r  hour) are high compared t o  those  reported f o r  hot- 
w a l l  au toc lave  processes  and o rde r s  of magnitude l a r g e r  than those used 
f o r  s i n g l e  c r y s t a l  growth from so lven t s .  The diameters of c r y s t a l s  are 
l imi t ed  only by t h e  diameter of t h e  c r u c i b l e s  and s i z e  of t h e  charges 
used. The 2.5-inch-diameter c r y s t a l  (GaAs-24) is  t h e  l a r g e s t  diameter 
c r y s t a l  of t h i s  compound with which w e  are f a m i l i a r .  The 3/4- t o  7/8- 
inch diameters of GaP c r y s t a l s  3 and 8 w e r e  t h e  l a r g e s t  a t  t h e  t i m e  of 
t h e i r  growth. Since then,  300 gm GaP s i n g l e  c r y s t a l s  with diameters i n  
excess of 1-1 /2  inches have been grown ( B e l l  Telephone Laborator ies ,  
Murray H i l l ,  N.  J.) i n  a n  ADL High-pressure C r y s t a l  Growing Furnace. 
These were grown by t h e  l iquid-encapsulated Czochralski process using 
The growth rates used 2 3"  
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some of t h e  procedures developed i n  t h i s  program. These r e s u l t s  i n d i c a t e  
t h a t  t h e  process  has  a number of advantages over t h e  hot-wall autoclave 
process  f o r  producing s i n g l e  c r y s t a l s  of t h e  a r sen ides  and i s  c l e a r l y  
s u p e r i o r  f o r  s y n t h e s i s  of t h e  phosphides. 
The B 0 encapsulant w a s  used both wi th  InSb (InSb-ld) and GaSb 2 3  
(GaSb-2bY 3 and 4 )  m e l t s  t o  d i s s o l v e  non-volat i le  s o l i d  f i l m s  which 
formed on t h e i r  s u r f a c e s .  
cess i s  u s e f u l  not  only f o r  c o n t r o l l i n g  t h e  l o s s  of v o l a t i l e  c o n s t i t u e n t s  
from contained m e l t s  bu t  f o r  upgrading t h e  q u a l i t y  of 1 1 1 - V  m e l t s .  
The l iquid-encapsulat ion c r y s t a l  growth pro- 
A s  pointed ou t  i n  an earlier s e c t i o n ,  c r y s t a l  growth can be  c a r r i e d  
ou t  d i r e c t l y  a f t e r  s y n t h e s i s  of a s t o i c h i o m e t r i c  m e l t  under a B 0 
capsu lan t .  This  technique o f f e r s  p o t e n t i a l  economic and material q u a l i t y  
advantages over t h e  t y p i c a l  two-step, vapor-phase r e a c t i o n  and hot-wall 
Czochralski C r y s t a l  Growth processes  used f o r  t h e  a r sen ides .  I f  proce- 
dures  were developed f o r  t h e  phosphides, a s i g n i f i c a n t  improvement i n  
q u a l i t y  could be  expected s i n c e  t h e  porous sponge, w i th  i t s  high s u r f a c e  
area, would no t  be  contaminated. 
en- 2 3  
2. Thermal Etching of Arsenide and Phosphide Boules 
The s u r f a c e s  of G a A s ,  Ids, GaP and InP boules were degraded a f t e r  
bu t  by growth both when covered and when f r e e  of t h e  B 0 
d i f f e r e n t  mechanisms. When t h e  boules are covered by a t h i c k  l a y e r  of 
B203, ch ips  were s p a l l e d  from t h e  boule  s u r f a c e  because of the d i f f e r -  
ences between t h e  thermal expansion c o e f f i c i e n t s  of t h e  c r y s t a l  and t h e  
B 0 g l a z e .  The damaged l a y e r  u sua l ly  extended more than 2 mm i n t o  t h e  
boule.  Occasional ly ,  cracks o r i g i n a t i n g  a t  t h e  s u r f a c e s  propagated a c r o s s  
t h e  boules .  I n  g e n e r a l ,  t h e  t h i c k e r  B 0 g l a z e s  r e s u l t e d  i n  more exten- 
sive damage. When t h e  a x i a l  temperature g r a d i e n t  i n  t h e  c r y s t a l  w a s  re- 
duced t o  such a degree t h a t  t h e  B 0 flowed o f f  t h e  boule completely, 2 3  
considerable  thermal e tching occurred by p r e f e r e n t i a l  vapor i za t ion  of 
A s  o r  P. The degradat ion caused by thermal e tching does not  extend as 
deeply i n t o  t h e  boule as t h a t  caused by s p a l l i n g  and t h i s  w a s  o r i g i n a l l y  
considered a b e t t e r  cond i t ion  under which t o  grow c r y s t a l s  of these com- 
pounds. Later i t  w a s  observed t h a t  gal l ium f r e e d  by t h e  l o s s  of a r s e n i c  
encapsulant:  2 3  
2 3  
2 3  
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and phosphorus would accumulate on t h e  s u r f a c e  of boules  u n t i l  i t  ran 
down t o  t h e  growth i n t e r f a c e  and caused t h e  boules t o  twin. Thermal 
e tching of t h e  boules should be minimized t o  i n s u r e  r e l i a b l e  s ing le -  
c r y s t a l  growth. 
The temperature g rad ien t  above t h e  s u r f a c e  of t h e  1 1 1 - V  m e l t  and 
t h e  encapsulant t h i ckness  determined t h e  degree of coverage of t h e  
c r y s t a l s .  The temperature a t  t h e  encapsulant-boule-gas i n t e r f a c e  must 
be low enough t o  i n c r e a s e  t h e  v i s c o s i t y  of t h e  B 0 
keep t h e  B203 from running o f f  t h e  boule.  This  cond i t ion  can be achieved 
e i t h e r  by inducing a s t e e p  temperature g r a d i e n t  i n  a t h i n  encapsulant 
l aye r  o r  by using a t h i c k e r  encapsulant l a y e r  i n  a shallow g rad ien t .  
Increased ambient p re s su res  have been observed t o  promote coverage of 
t h e  boule by B203; presumably t h e  increased h e a t  capac i ty  of t h e  ambient 
gas increased t h e  temperature g r a d i e n t  i n  t h e  boule.  Coverage w a s  more 
r e a d i l y  achieved w i t h  v i t r e o u s  carbon and p y r o l y t i c  BN c r u c i b l e s  than 
with fused s i l i ca  c r u c i b l e s .  
cause t h e  f i r s t  two types t ransmit  less h e a t  t o  t h e  boules from t h e  
g r a p h i t e  suscep to r s  than do t h e  s i l i c a  c r u c i b l e s .  
s u f f i c i e n t l y  t o  2 3  
This b e t t e r  coverage probably r e s u l t e d  be- 
Heavy coverage of t h e  boules does no t  appear necessary f o r  reducing 
thermal e tching t o  s a t i s f a c t o r y  levels;  however, achieving condi t ions i n  
which G a A s  boules remain covered w i t h  only a very t h i n  l a y e r  of B 0 2 3  
required a number of v a r i a t i o n s  of r f  c o i l  con f igu ra t ions ,  susceptor  
p o s i t i o n s ,  ambient atmospheres and encapsulant depths .  When v i t r e o u s  
carbon o r  p y r o l y t i c  BN c r u c i b l e s  are used, t h i s  cond i t ion  is achieved 
f o r  GaAs w i t h  t h e  upper edge of t h e  susceptor  shown i n  Figure 5 posi t ioned 
3/16" above t h e  upper t u r n  of t h e  r f  c o i l  (Appendix D) i n  a N atmosphere 
a t  15 ps ig  with a B 0 
s i l i ca  c r u c i b l e  i s  used, cond i t ions  are t h e  same as f o r  GaAs except t h a t  
t h e  susceptor  is pos i t i oned  5/16" above t h e  upper t u r n .  
t a i l e d  cond i t ions  f o r  minimal coverage of c r y s t a l s  of t h e  o the r  compounds 
have no t  been e s t a b l i s h e d ,  but  they were i n  f a c t  u sua l ly  covered by B 0 2 3 "  
Indium a r s e n i d e  (MP = 942OC) and indium phosphide (MP = 1062OC) m e l t  
s u f f i c i e n t l y  lower than G a A s  (MP = 1237OC) t h a t  t h e  B 0 does no t  run  
down o f f  t h e  c r y s t a l s .  The high p res su re  (800 ps ig )  required f o r  growth 
2 
encapsulant depth of 0.75-0.85 cm. When a fused 2 3  
S imi l a r ly  de- 
2 3  
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of gal l ium phosphide (MP = 1450-15OO0C) apparent ly  caused s u f f i c i e n t  cool- 
ing of t h e  c r y s t a l  t o  compensate f o r  t h e  increased melt ing p o i n t .  
Hydrogen-argon mixtures  were used i n  several growth runs t o  suppress 
a r c i n g  i n  t h e  pure argon atmosphere. The presence of hydrogen i n  t h e  
furnace during c r y s t a l  growth s t r o n g l y  accelerates thermal e tching of 
G a A s  under cond i t ions  when t h e  boules are no t  covered o r  only t h i n l y  
covered by B 0 
hydrogen very l i k e l y  r e s u l t s  from t h e  formation of a r sene  (ASH ) gas.  
The a c c e l e r a t i o n  of thermal e tching i n  t h e  presence of 2 3'  
3 
B. CHEMICAL ANALYSIS 
Samples taken from two G a A s  c r y s t a l s  and one GaP c r y s t a l  (GaAs-8 
and 11 and Gap-8) were resubmitted t o  Jarrel l -Ash Co. and submitted t o  
Monsanto Co. and B e l l  and Howell f o r  emission and m a s s  spectrographic  
ana lyses ,  r e s p e c t i v e l y .  These ana lyses  w e r e  made i n  a n  at tempt  t o  ex- 
p l a i n  t h e  u n l i k e l y  and highly v a r i a b l e  i m p u r i t i e s  r epor t ed  by Jarrell- 
Ash Co. 
l e v e l s  of many important i m p u r i t i e s  no t  ob ta inab le  by emission spectro-  
graphic  techniques,  e .g . ,  C ,  N2, 02. The r e s u l t s  of t h e s e  d u p l i c a t e  
ana lyses ,  as w e l l  as t h e  o r i g i n a l  Jarrel l -Ash a n a l y s i s ,  are given i n  
Table 14 .  
The mass spec t rog raph ic  c h a r a c t e r i z a t i o n  technique a l s o  ind ica t ed  
C lea r ly  t h e  improbable i m p u r i t i e s  (Pb, Ag and Sn) o r i g i n a l l y  re- 
ported by Jarrel l -Ash were n o t  characteristic of t h e  samples and were 
introduced by improper handling procedures.  A s  f a r  as can be determined, 
t h e  only d i f f e r e n c e  between t h e  o r i g i n a l  and rechecked sample p repa ra t ion  
procedures w a s  t h a t  t h e  rechecked samples w e r e  no t  powdered a t  Jarrell- 
Ash p r i o r  t o  a n a l y s i s .  Emission ana lyses  were made of bulk samples i n  
t h e  case of t h e  rechecks.  Spec ia l  techniques,  which w e r e  not  employed 
by Jarrel l -Ash (and presumably Monsanto), are needed t o  d e t e c t  low levels 
of K by emission spectroscopy. 
of probable i m p u r i t i e s  (Mg, C a ,  Fe and Cu) appear t o  po in t  o u t  t h e  d i f -  
f e r ences  between t h e  s e n s i t i v i t i e s  of spark-source and emission spec- 
troscopy. 
Jarrel l -Ash ana lyses .  
t h e s e  r e s u l t s  i s  i n  t h e  r epor t ed  A1 levels.  
The o t h e r  d i f f e r e n c e s  between t h e  levels 
The Monsanto analyses  gene ra l ly  ag ree  wi th  t h e  repeated 
The only major unexplained inconsis tency between 
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C .  SPECIFIC MATERIALS 
1. B203 
Two kilograms of high-purity B 0 (two s e p a r a t e  l o t s )  were purchased 
from t h e  B r i t i s h  Drug House, Poole Dorset (England) during t h e  program 
f o r  u s e  as l i q u i d  encapsulant.  This source o f f e red  t h e  h ighes t  p u r i t y  
B 0 commercially a v a i l a b l e .  P u r i t i e s  of 99.99 were claimed and t h e  
material w a s  p a r t i c u l a r l y  low i n  Group I1 elements, which a re  e l e c t r o n i -  
c a l l y  active i n  1 1 1 - V  compounds. 
2 3  
+ 
2 3  
Our a n a l y s i s  of t h e  material  shipped from t h e  f i r s t  l o t ,  Table 1, 
showed Fe and Mg t o  be p re sen t  a t  levels between 0.001 and 0.01 percent  
by weight. Both g e n e r a l l y  act  as accep to r s  i n  t h e  compounds of i n t e r e s t .  ( 4 )  
The second kilogram of material w a s  ordered under t h e  cond i t ion  that 
t h e  l o t  would by analyzed t o  i n s u r e  t h a t  i t  m e t  s p e c i f i c a t i o n s  p r i o r  t o  
shipment. Our a n a l y s i s  of t h e  second l o t  of material, Table 1, showed 
t h e  material m e t  adve r t i s ed  s p e c i f i c a t i o n s  as w e l l  as t h e  a n a l y s i s  of 
t h a t  s p e c i f i c  l o t .  Evidently t h e  second l o t  of material is  s u b s t a n t i a l l y  
purer than t h e  f i r s t  one. 
duced from t h e  aluminum con ta ine r s  i n  which t h e  material w a s  shipped. 
(The f i r s t  l o t  was  shipped i n  g l a s s  con ta ine r s . )  
The trace l e v e l  of aluminum w a s  probably i n t r o -  
The analyses  of B 0 samples be fo re  and a f t e r  degassing showed that  2 3  
impur i t i e s  were no t  introduced i n t o  t h e  B 0 
Af t e r  they were d r i e d ,  both samples showed a n  apparent i n c r e a s e  i n  S i  
content .  N o  reason i s  known f o r  i t s  occurrence. 
during t h e  drying process .  2 3  
Several  lumps of B 0 taken from t h e  f i r s t  l o t  of material i n  t h e  2 3’ 
as-received cond i t ion ,  were analyzed. D i f f e r e n t  lumps of material showed 
e i t h e r  no trace of Fe o r  levels of approximately 0.010%. Samples taken 
from several lumps were dissolved i n  high-purity water and t h e  w a t e r  
removed t o  produce a sample w i t h  a n  averaged i r o n  content .  
contained 0.001-0.010% Fe by weight. S u f f i c i e n t  analyses  were conducted 
t o  show t h a t  t h e  v a r i a b l e  impurity l e v e l s  d i d  not  r e s u l t  from s u r f a c e  
contamination of t h e  samples, as f i r s t  suspected,  bu t  from a nonhomoge- 
neous d i s t r i b u t i o n  of contaminants. 
T h i s  sample 
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2 .  G a A s  
Gallium a r s e n i d e  w a s  used as t h e  l e a d  material i n  t h i s  program of 
developing l iquid-encapsulated c r y s t a l  growth. 
i t s  melt ing p o i n t  (approximately 1 atmosphere) does no t  r e q u i r e  remote 
ope ra t ion  and thus  permits  maximum v i s i b i l i t y  of t h e  process .  Its m e l t -  
ing p o i n t  i s  t h e  second h ighes t  of t h e  s i x  1 1 1 - V  compounds considered 
i n  t h e  program. Material t r a n s p o r t  rates, r e a c t i o n  rates, and f a i l u r e s  
of t h e  furnace system are inf luenced f a r  more s t r o n g l y  by increased 
temperatures than  by ambient p re s su res  of i n e r t  gasses;  t h u s ,  G a A s  w a s  
considered t h e  b e s t  material t o  t e s t  t h e  r e l i a b i l i t y  and i n e r t n e s s  of 
t h e  furnace system and c r y s t a l  growth s t a t i o n  f o r  l iquid-encapsulated 
The vapor p re s su re  a t  
c r y s t a l  growth. 
During t h i s  program 24 gal l ium a r s e n i d e  c r y s t a l s  were grown and 
most were cha rac t e r i zed  chemically and e l e c t r i c a l l y .  
boules  were grown w i t h  material purchased from t h e  Monsanto Co. and t h e  
l a t te r  from sc rap  material purchased from B e l l  6 Howell, o r  ADL syn- 
The f i r s t  e i g h t  
t hes i zed  material. 
A l l  G a A s  c r y s t a l s  produced were grown along t h e  <111> d i r e c t i o n  
away from t h e  A f a c e  i n  t h e  p o l a r  zinc-blende s t r u c t u r e .  I n i t i a l  seed 
s tock  w a s  purchased from t h e  Monsanto Co. (S t .  Louis,  Missouri) .  Seeds 
could be  reused without degradat ion un le s s  i n a d v e r t e n t l y  melted back 
too  f a r  during t h e  s tar t  of a c r y s t a l  growth run .  
were between 1 t o  1.5 cm p e r  hour on t h e  boules t h a t  w e r e  cha rac t e r i zed  
(Table 2 ) .  Growth rates i n  t h i s  range permit a n  e n t i r e  growth run  t o  be 
completed i n  6 t o  10  hours from i n i t i a l  m e l t  down. Higher growth rates, 
up t o  3 c m  pe r  hour, w e r e  used on o t h e r  boules which s o l i d i f i e d  as s i n g l e  
c r y s t a l s .  Temperature adjustments t o  c o n t r o l  t h e  shape of t h e  boule,  had 
t o  be made i n  smaller increments a t  t h e  higher growth ra tes  t o  avoid 
twinning. 
diameter boule GaAs-10 giving a t r u e  growth ra te  of approximately 1 cm 
per  hour. When thermal e tching of t h e  boules w a s  minimal, growth of G a A s  
s i n g l e  c r y s t a l s  w a s  q u i t e  s t r a igh t fo rward  over a wide v a r i e t y  of growth 
rates. It i s  no t  necessary t o  grow c r y s t a l s  from f i n e ,  long necks i f  
Growth rates gene ra l ly  
A p u l l i n g  ra te  of 0.6 cm pe r  hour w a s  used f o r  t h e  1-3/8-inch 
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reasonable  q u a l i t y  seeds are used t o  i n i t i a t e  growth, although i t  has 
been found t h a t  s l i g h t l y  undercut t ing t h e  seed p r i o r  t o  i n i t i a t i n g  
growth i n c r e a s e s  t h e  p r o b a b i l i t y  of t h e  seed e s t a b l i s h i n g  t h e  growth 
d i r e c t  i on .  
Facet ing w a s  evident  on t h e  s u r f a c e s  of G a A s  boules  grown p a r a l l e l  
t o  a <111> d i r e c t i o n ,  e s p e c i a l l y  on regions of c r y s t a l s  having diameters  
between 0.5 and 1 .0  c m .  The boules  tended t o  assume a n  e q u i l a t e r a l  tri- 
angular morphology, bu t  poles  of t h e  f a c e t  planes were not  i d e n t i f i e d  
f u r t h e r -  
With t h e  exception of G a A s - 1 3 ,  t h e  n e t  balance of e l e c t r i c a l l y  
active i m p u r i t i e s  i n  t h e  c r y s t a l s  became i n c r e a s i n g l y  p-type along the 
boule. I f  t h e  f i r s t  r e g i o n  t o  s o l i d i f y  w a s  n-type, subsequent po r t ions  
of t h e  boule contained lower levels of excess e l e c t r o n s  and usua l ly  ex- 
h i b i t e d  i n c r e a s i n g l y  p-type behavior by t h e  end of t h e  boule.  This  be- 
havior  demonstrates t h e  presence of both donor and acceptor  i m p u r i t i e s  
with d i f f e r e n t  d i s t r i b u t i o n  c o e f f i c i e n t s  o r  t h e  i n t r o d u c t i o n  of a p- 
type impuri ty  during o r  a f t e r  t h e  c r y s t a l  growth run. 
The Chemical and H a l l  ana lyses  of r e p r e s e n t a t i v e  c r y s t a l  samples do 
not  i d e n t i f y  t h e  impur i ty ( s )  r e spons ib l e  f o r  t h e  e lec t r ica l  p r o p e r t i e s  
and are, i n  f a c t ,  d i f f i c u l t  t o  exp la in  s a t i s f a c t o r i l y  on t h e  b a s i s  of 
published d i s t r i b u t i o n  c o e f f i c i e n t s  of probable dominant impur i t i e s .  
The r ange  of carrier concentrat ions observed f o r  p-type c r y s t a l s  
w a s  f a r  narrower than f o r  n-type c r y s t a l s :  h o l e  concentrat ions v a r i e d  
14 3 approximately two o r d e r s  of magnitude (3.8 x 10  
while  excess e l e c t r o n  concentrat ions va r i ed  more than eleven o rde r s  of 
magnitude (1.8 x 10  t o  4.8 x 10  pe r  cm ) .  I n  a d d i t i o n ,  i n  c r y s t a l s  
which exh ib i t ed  p-type behavior over t h e i r  e n t i r e  l eng ths  (GaAs-2, 8 and 
22), t h e  carrier concen t r a t ion  va r i ed  only 3.6 t o  6.3 t i m e s ,  f a r  less 
than t h e  v a r i a t i o n s  i n  excess e l e c t r o n  concen t r a t ions .  
t o  4.3 x 1 0 l 6  pe r  cm ) 
7 18 3 
The uniformity i n  t h e  p-type behavior can be explained by a d i s -  
t r i b u t i o n  c o e f f i c i e n t  i n  t h e  range of 0.2 t o  0.5. (8) 
n-type impuri ty(s)  must have a higher  d i s t r i b u t i o n  c o e f f i c i e n t  t o  explain 
switching from n-type behavior i n  t h e  " f i r s t  t o  s o l i d i f y "  r eg ion  t o  
The dominant 
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p-type behavior i n  l a t te r  p o r t i o n s  of t h e  boule s o l e l y  on t h e  b a s i s  of 
s eg rega t ion  of i m p u r i t i e s .  S i l i c o n ,  which i s  u s u a l l y  t h e  dominant i m -  
p u r i t y  i n  n-type G a A s  synthesized i n  hot-wall S i 0  r e a c t o r s ,  has a d i s -  
t r i b u t i o n  c o e f f i c i e n t  of 0.1. (5) It i s  u n l i k e l y  t h a t  i t  w a s  t h e  dominant 
impuri ty ,  because t h e  d i s t r i b u t i o n  c o e f f i c i e n t  i s  lower than t h e  apparent 
d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  dominant p-type impurity.  Also, t h e  
excess e l e c t r o n  concen t r a t ions  i n  purchased feed materials w e r e  gene ra l ly  
i n  t h e  low 10 
r eg ion  would be lower than t h e  carrier concen t r a t ions  gene ra l ly  observed 
(providing dominant impuri ty  i n  t h e  feed material w a s  S i ) .  
2 
16 per  cm3 range so t h e  S i  content  i n  t h e  " f i r s t  t o  s o l i d i f y "  
Magnesium i s  t h e  only donor i m p ~ r i t y ' ~ )  i d e n t i f i e d  i n  t h e  G a A s  
c r y s t a l s  which has a d i s t r i b u t i o n  c o e f f i c i e n t  g r e a t e r  than 0.2.  (5) The 
q u a n t i t a t i v e  emission spectrographic  ana lyses  made by Monsanto i n d i c a t e  
a Mg con ten t  between 0.03 and 0.06 ppm by weight,  o r  approximately 3.7 
x 1015 t o  8 x 1015 p e r  cm3. This  i s  t h e  c o r r e c t  order  of magnitude t o  
exp la in  t h e  observed e f f e c t s ,  bu t  i t  would be presumptuous t o  p re sen t  
i t  as t h e  dominant donor impuri ty .  
Copper and i r o n  are two accep to r  i m p u r i t i e s  c o n s i s t e n t l y  ind ica t ed  
16  6 
as i m p u r i t i e s  a t  t h e  l e v e l s  approximating t h e  observed carrier concen- 
t r a t i o n s  ( 1  ppm by weight of Cu 
per  cm3 i n  GaAs). 
are t o o  low t o  be c o n s i s t e n t  w i t h  t h e  r e s u l t s  u n l e s s  they were i n t r o -  
duced t o  t h e  m e l t  continuously during t h e  c r y s t a l  growth process  o r  t h e i r  
d i f f u s i o n  through t h e  c r y s t a l  w a s  r ap id .  
i d e n t i f y  t h e  dominant p-type impur i ty ( s )  i n  t h e s e  G a A s  c r y s t a l s  w i t h  any 
c e r t a i n t y .  
5 x 10  pe r  cm3 and Fe 5.7 x 10  
However, t h e i r  d i s t r i b u t i o n  c o e f f i c i e n t s  ( "  
It i s  aga in  impossible t o  
More complete c h a r a c t e r i z a t i o n  of t h e  boules  is requ i r ed  t o  c l a r i f y  
t h e s e  important questions., 
2 The room-temperature m o b i l i t i e s  of both p-type (up t o  640 c m  /v-sec) 
3 2  and n-type (up t o  5 . 7  x 10  cm /v-sec) boules show t h a t  high c r y s t a l l o -  
graphic  q u a l i t y  can be achieved by t h i s  growth technique. The ho le  mo- 
b i l i t y  observed i n  GaAs-4 exceeds, by almost a f a c t o r  of two, t h e  b e s t  
v a l u e  r epor t ed  up t o  1961. (6) 
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Etch-pi t  counts  of d i s l o c a t i o n s  a l s o  show t h e  c r y s t a l s  t o  have a 
4 
high c r y s t a l l o g r a p h i c  q u a l i t y .  The photomicrograph shown i n  F igure  18  
i n d i c a t e s  t h a t  approximately 2.5 x 1 0  d i s l o c a t i o n s  pe r  cent imeter  a r e  
present  i n  the  as-grown G a A s  c r y s t a l s .  
concentrated i n  low ang le  boundaries but  are d i s t r i b u t e d  f a i r l y  uni- 
formly a c r o s s  the samples. 
G a A s  samples a l s o  show no d e t e c t a b l e  subs t ruc tu re .  
The d i s l o c a t i o n s  do no t  appear 
Schulz x-ray topographica l  photographs of 
A t  a n  ambient gas  p re s su re  of 75 p s i g ,  f i l m s  formed on t h e  s u r f a c e  
of G a A s  m e l t s  1, 2 and 3 .  I n  a b r i e f  l i t e r a t u r e  survey i t  w a s  found 
t h a t  G a  is t ranspor ted  via t h e  vapor phase as G a  0 i n  t h e  presence of 
extremely low p a r t i a l  p re s su res  of water. (7) 
2 
It w a s  pos tu la ted  t h a t  
r e s i d u a l  water i n  t h e  B203 might  react wi th  G a A s  t o  form Ga20, H2 and 
A s  (poss ib ly  AsH3). 
s o l u t i o n  i n  t h e  B 0 g l a s s  up t o  i t s  s o l u b i l i t y  l i m i t .  Fur ther  oxida- 
The la t te r  vaporized whi le  t h e  G a Z O  went i n t o  
2 3  
t i o n  of t h e  GaAs r e s u l t e d  i n  the formation of an oxide f i l m  that w a s  
prevented from vapor iz ing  under t h e  h igh  ambient furnace  pressures .  
M e l t  4 w a s  grown under a n  ambient p re s su re  of 15 p s i g  and t h e  s u r f a c e  
remained c l ean  throughout t h e  run.  Melt 5 was  made up from sc rap  and 
t h e  s u r f a c e  was  p a r t i a l l y  covered by a f i l m  a t  an  ambient p re s su re  of 
15  ps ig .  Bubbles were observed t o  form a t  t h e  patches of t h e  s u r f a c e  
f i l m  when t h e  p re s su re  w a s  reduced t o  8 p s i g .  
p l e t e l y  a t  4 ps ig  by apparent  vapor i za t ion  of t h e  s u r f a c e  f i lm .  
quent ly ,  t h e  drying procedures f o r  t h e  B 0 w e r e  improved and the G a A s  
m e l t s  gene ra l ly  remained f r e e  of a s u r f a c e  f i l m  wi th  ambient pressures  
up t o  20 ps ig .  
The m e l t  c l ea red  com- 
Subse- 
2 3  
A s i g n i f i c a n t  d i f f e r e n c e  w a s  observed i n  t h e  boron conten ts  i n  GaAs 
A c r y s t a l  grown from c r y s t a l s ,  depending on t h e  c r u c i b l e  material used. 
a v i t r e o u s  carbon c r u c i b l e ,  GaAs-8, contained approximately t e n  t i m e s  
the boron l e v e l  as one grown from a high-puri ty ,  Si02 c r u c i b l e ,  G a A s - 1 1  
(Tables 3 and 14 ) .  The o the r  spec t rographic  ana lyses ,  Table 3 ,  gene ra l ly  
support  t h i s  observa t ion .  Crys t a l s  grown i n  BN c r u c i b l e s  were not  
analyzed q u a n t i t a t i v e l y .  Spectrographic  a n a l y s i s  of t h e  v i t r e o u s  carbon 
c ruc ib l e ,  Table 1, does not  i n d i c a t e  t h e  presence of boron. No explana- 
t i o n  has been i d e n t i f i e d  f o r  t h i s  e f f e c t .  It would be a n t i c i p a t e d  t h a t  
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FIGURE 18 DISLOCATION ETCH PITS ON A < I  1 I> PLANE OF GaAs-8 
THE DISLOCATION CONTENT IS APPROXIMATELY 2 x104 
per cm2. MAGNIFICATION 22x. 
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t h e  boron impuri ty  may adversely a f f e c t  carrier m o b i l i t i e s  a t  t h e  higher  
impuri ty  levels;  however, t h i s  i s  n o t  supported by t h e  H a l l  cha rac t e r i -  
z a t i o n s .  
Two GaAs s i n g l e  c r y s t a l s  (Gab-20 and 22) w e r e  grown from ADL syn- 
thes i zed  material. The charge used f o r  Galls-20 w a s  t h e  f i r s t  material 
s u c c e s s f u l l y  synthesized.  
fou r  t i m e s  p r i o r  t o  i t s  use i n  a c r y s t a l  growth run,  s o  i t  i s  l i k e l y  
t h a t  some contamination occurred. It w a s  a l s o  somewhat o f f  s toichiometry,  
which caused t h e  GaAs-20 boule t o  twin. The carrier concentrat ion w a s  
higher  t han  most of the c r y s t a l s  grown from commercial feed materials, 
b u t  t h e  e l e c t r o n  mob i l i t y  w a s  comparable. The GaAs-22 boule w a s  grown 
from material made i n  t h e  f i n a l  s y n t h e s i s  run. Improved handling pro- 
cedures are r e f l e c t e d  i n  t h e  q u a l i t y  of Galls-22. The carrier concen- 
t r a t i o n  and ho le  mob i l i t y  i n  t h e  top  of t h e  c r y s t a l  are equ iva len t  t o  
t h e  b e s t  GaAs c r y s t a l s  grown during t h e  program. Both carrier concen- 
t r a t i o n  and h o l e  mob i l i t y  degraded somewhat a t  t h e  bottom of t h e  boule.  
It had been melted and leached from c r u c i b l e s  
The elemental  gal l ium and a r s e n i c  used f o r  t h e  syn thes i s  and crys- 
t a l  growth runs were no t  maximum p u r i t y  (approximately 99.999%) so  i t  i s  
h igh ly  probable  t h a t  t h e  q u a l i t y  of c r y s t a l s  grown from material  synthe- 
s i z e d  under an encapsulant can be  improved. Also, i t  appeared e n t i r e l y  
f e a s i b l e  t o  grow c r y s t a l s  from m e l t s  d i r e c t l y  a f t e r  syn thes i s  without 
f u r t h e r  handl ing of t h e  r eac t ed  charges.  This should a l s o  improve t h e  
c r y s t a l  q u a l i t y .  Although t h e s e  c r y s t a l  growth experiments could no t  
be pursued, i t  i s  clear from t h e s e  r e s u l t s  t h a t  high-qual i ty  c r y s t a l s  
can be  produced by a one-step-synthesis-growth technique. The combina- 
t i o n  of encapsulated Czochralski c r y s t a l  growth with an optimized syn- 
t h e s i s  c y c l e  should permit s i g n i f i c a n t  r educ t ion  i n  t h e  c o s t  of pro- 
ducing GaAs s i n g l e  c r y s t a l s .  
Two large-diameter GaAs boules  (GaAs-23 and 2 4 )  were grown t o  dem- 
o n s t r a t e  t h e  f e a s i b i l i t y  of u s ing  t h e  l iquid-encapsulated process t o  
grow GaAs c r y s t a l s  w i th  diameters g r e a t e r  than two inches.  The c r o s s  
s e c t i o n s  of t h e  boules ,  Figure 1 7 ,  show t h a t  GaAs-23 w a s  a t  least two 
inches i n  diameter and GaAs-24 w a s  a t  least 2-1/2 inches i n  diameter.  
Both boules  were grown from 3-inch-ID, Si02 c r u c i b l e s  from approximately 
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500 gm charges.  
v ious  runs ,  p o l y c r y s t a l l i n e  boules ,  and ADL synthesized material. The 
seed broke during t h e  growth of GaAs-23 dropping t h e  boule i n t o  t h e  
m e l t ;  however, t h e  power w a s  turned o f f  be fo re  t h e  boule remelted. The 
s e c t i o n  shown i n  F igu re  1 7  w a s  salvages from t h e  s o l i d i f i e d  boule and 
m e l t .  The GaAs-23 boule  w a s  twinned and cracked s o  i t  and t h e  remain- 
ing charge w e r e  remelted f o r  t h e  GaAs-24 growth run. 
w a s  a l s o  twinned and cracked bu t  a t  lower levels than GaAs-23. The 
twinned s t r u c t u r e  r e s u l t e d  from t h e  m e l t  being o f f  s toichiometry.  This 
was  evident  bo th  from t h e  n a t u r e  of t h e  growth r u n  and t h e  excess gal-  
l ium i n  t h e  r e s i d u a l  charge. 
q u i r e  mod i f i ca t ion  of t h e  thermal environment surrounding t h e  growing 
c r y s t a l  
The charges w e r e  made up of r e s i d u a l  charges from pre- 
The GaAs-24 boule 
El iminat ion of cracking w i l l  probably re- 
These boules demonstrate t h a t  t h e  l iquid-encapsulant Czochralski 
growth process  is amenable t o  producing large-diameter c r y s t a l s .  A s  
wi th  t h e  growth of any l a r g e  diameter,  r e f r a c t o r y  c r y s t a l ,  thermally 
induced stresses must be  c o n t r o l l e d  c a r e f u l l y  t o  produce crack-free,  
low-dislocation-content c r y s t a l s .  There i s  no apparent  reason why t h i s  
c o n t r o l  cannot be accomplished, and materials l o s s e s  during device fab- 
r i c a t i o n  reduced, and t h e  dimensions of I R  o p t i c  elements increased 
s u b s t a n t i a l l y .  
3. I d s  
Four indium a r s e n i d e  growth runs w e r e  made during t h i s  c o n t r a c t .  
The growth parameters are summarized i n  Table 4 and c h a r a c t e r i s t i c s  of 
r e s u l t i n g  c r y s t a l s  i n  Table 5. The spectrographic  a n a l y s i s  of t h e  r a w  
material purchased from Monsanto shows t h e  I d s  t o  be approximately t h e  
same p u r i t y  as i t s  G a A s .  
The electrical  c h a r a c t e r i s t i c s  of t h e  samples t e s t e d  show t h a t  a l l  
of t h e  c r y s t a l s  had equal  o r  higher  concen t r a t ions  of excess e l e c t r o n s  
than t h e  feed material; m o b i l i t i e s  are approximately t h e  same. 
no t  apparent  from t h e  spectrographic  analyses  whether t h e  increased ex- 
cess e l e c t r o n  levels r e s u l t  from t h e  l o s s  of accep to r s  o r  contamination 
by donors. 
It i s  
The apparent  impuri ty  levels i n  t h e  c r y s t a l s  are e s s e n t i a l l y  
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equal  t o  each o t h e r  and t o  t h e  s t a r t i n g  materials wi th in  t h e  e r r o r  of 
t h e  ana lyses .  A p o s s i b l e  except ion i s  an  increased  S i  conten t .  I d s - 2  
w a s  grown a f t e r  t h e  charge had been molten f o r  12  hours;  I d s - 3 ,  6 hours;  
and Ids-4,  28 hours.  
and w e  b e l i e v e  i t  r e s u l t s  from contamination of t h e  charge by t h e  Si0 
c r u c i b l e s .  
The e l e c t r o n  excess c l e a r l y  inc reases  w i t h  t i m e  
2 
Growth runs  w e r e  seeded i n  t h e  <111> d i r e c t i o n  away from t h e  A 
face .  
but  they w e r e  c l ea red  e i t h e r  by soaking f o r  long per iods  o r  f r eez ing  
and remel t ing  t h e  s u r f a c e  of t h e  charge.  
by a B203 f i l m  which prevented thermal e tch ing .  
4 .  GaP 
Some problems w e r e  encountered wi th  a s u r f a c e  f i l m  on the m e l t s  
The boules remained covered 
Nine c r y s t a l  growth runs w e r e  made wi th  gal l ium phosphide. 
parameters are summarized i n  Table 6 and t h e  r e s u l t s  of chemical and 
H a l l  a n a l y s i s  i n  Table 7. 
no t  r e f l e c t  t h e  i n t e n s e  i n t e r e s t  i n  t h e  material; however, they w e r e  
l imi t ed  by t h e  furnace  t i m e  requi red  t o  s a t i s f y  t h e  e n t i r e  scope of 
work. 
Growth 
The number of GaP c r y s t a l  growth runs  does 
The High P res su re  MP Furnace was  used ex tens ive ly  w i t h  InP. 
The seals on t h e  upper push rod developed l e a k s  during t h e  Gap-1 
and -4 growth runs .  Phosphorus vapors apparent ly  d i f fused  pas t  t h e  
f e l t  wiper and sc rape r  p l a t e  i n  t h e  gland assembly where they a t tacked  
t h e  O-ring. 
phosphorus condensed onto t h e  s h a f t  a l lowing t h e  sc rape r  p l a t e  and f e l t  
wiper t o  func t ion  proper ly .  
f i c a  t i o n .  
Subsequent runs w e r e  made wi th  a water-cooled s h a f t  so  
No p res su re  l e a k s  developed a f t e r  t h i s  modi- 
The growth process  was  s u b s t a n t i a l l y  less v i s i b l e  wi th  GaP than  
wi th  o the r  materials because of t h e  combined e f f e c t s  of t h e  poorer 
c o n t r a s t  ach ievable  wi th  black and whi te  TV ( requi red  f o r  remote 
opera t ion)  compared wi th  d i r e c t  observat ion,  d i s t o r t i o n s  from convec- 
t ive gas  f low i n  t h e  chamber, and a tendency of t h e  B203 t o  become 
opaque a f t e r  t h e  GaP melted.  The reduced v i s i b i l i t y  w a s  t h e  major 
problem encountered i n  t h e  growth of GaP s i n g l e  c r y s t a l s .  
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The B 0 encapsulant remained clear throughout e n t i r e  c r y s t a l  growth 2 3  
runs w i t h  G a A s ,  InP and GaSb. However, t h e  encapsulant became, and gen- 
e r a l l y  remained, opaque soon a f t e r  t h e  GaP charge melted. 
w e r e  used f o r  G a A s  charges,  p a r t i c l e s  of G a A s  became suspended i n  t h e  
B 0 This  e f f e c t  w a s  undoubtedly p a r t i a l l y  re- 
spons ib l e  f o r  t h e  opaqueness of t h e  encapsulant i n  t h e  f i r s t  f i v e  GaP 
growth runs  s i n c e  t h e  charges w e r e  made up from a porous sponge (Monsanto). 
When powders 
and i t  became opaque. 2 3  
Subsequent GaP charges w e r e  d e n s i f i e d  by premelting and t h e  c r y s t a l  
growth r u n  w a s  made with a f r e s h  encapsulant.  
became opaque bu t  t o  a lesser ex ten t .  The encapsulant used wi th  G a A s  be- 
came completely opaque a f t e r  cool ing a t  t h e  terminat ion of a growth run. 
A t  room temperature,  t h e  g l a s s  w a s  found t o  be  two-phase. Apparently, 
t h e  B 0 used f o r  G a A s  became opaque because of phase s e p a r a t i o n  a f t e r  
a s o l u b i l i t y  l i m i t  was  exceeded upon cool ing.  A similar e f f e c t  may have 
a l s o  been r e spons ib l e  f o r  t h e  o p a c i f i c a t i o n  of t h e  encapsulants used f o r  
GaP s i n c e  t h e s e  charges w e r e  superheated approximately 100°C during i n i -  
t i a l  melt ing even though m e l t s  of o t h e r  materials w e r e  superheated t h i s  
much without t h e  B 0 becoming opaque upon subsequent cool ing t o  growth 
condi t ions.  This  implies  t h a t  t h e  B203 encapsulant becomes s a t u r a t e d  
more quickly w i t h  Gap, which is reasonable  s i n c e  t h e  melt ing po in t  of 
t h e  GaP i s  t h e  h i g h e s t  of t h e  materials i n v e s t i g a t e d  and d i f f u s i o n  co- 
e f f i c i e n t s  i n c r e a s e  exponent ia l ly  w i t h  temperature. 
These encapsulants  a l s o  
2 3  
2 3  
The opaqueness of t h e  B 0 s e r i o u s l y  impaired c o n t r o l  of t h e  growth 2 3  
process,  p a r t i c u l a r l y  during t h e  seeding s t e p .  The electrical con tac t ,  
descr ibed i n  Sec t ion  111, w a s  used t o  i n d i c a t e  when t h e  seed contacted 
t h e  m e l t  and thereby p a r t i a l l y  overcame t h e  poor v i s i b i l i t y .  
No GaP s i n g l e  c r y s t a l s  w e r e  a v a i l a b l e  commercially a t  t h e  i n i t i a t i o n  
of t h i s  program f o r  u se  as seeds.  Gap-1 w a s  grown from a g r a p h i t e  
starter rod a f t e r  necking t h e  boule  t o  approximately 1/8" diameter.  
Several  g r a i n s  pene t r a t ed  t h e  necked r eg ion  of t h e  boule,  and t h e  lower 
r eg ion  contained l a r g e  columnar g r a i n s .  These g r a i n s  w e r e  sect ioned 
from t h e  boule f o r  seed s tock .  
G a l l i u m  phosphide showed very l i t t l e  evidence of a p re fe r r ed  growth 
d i r e c t i o n  o r  a tendency t o  twin. V i r t u a l l y  a l l  of t h e  g r a i n s  i n  
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p o l y c r y s t a l l i n e  boules  could be  t r aced  t o  t h e  necked reg ion  of t h e  boule  
when g r a p h i t e  starter rods  w e r e  used o r  t o  t h e  v i c i n i t y  of t h e  seed when 
improperly seeded e 
prevented undercut t ing  t h e  seed p r i o r  t o  i n i t i a t i n g  growth. 
were completely e f f e c t i v e  i n  e s t a b l i s h i n g  t h e  growth of Gap-3 and -8. 
The upper p o r t i o n  of Gap-3 w a s  monocrystal l ine and t h e  Gap-8 was  a b i -  
c r y s t a l .  The seed used f o r  Gap-8 w a s  i nadve r t en t ly  melted back i n t o  a 
b i c r y s t a l l i n e  reg ion ,  and both g r a i n s  w e r e  grown i n t o  t h e  boule.  
"Cold starts" occurred when inadequate v i s i b i l i t y  
The seeds 
A l l  of t h e  GaP boules  have been a t  least p a r t i a l l y ,  and usua l ly  
completely,  covered w i t h  t h e  B 0 encapsulant .  There was  e s s e n t i a l l y  no 
degradat ion of t h e  boules  by thermal e tch ing  under t h e  growth condi t ions  
used. 
encapsulant  t h a t  t h e  s u r f a c e  w a s  s p a l l e d  and some cracks propagated i n t o  
t h e  boule  from t h e  s u r f a c e  ch ips .  
2 3  
Boule Gap-2 was  covered wi th  a s u f f i c i e n t l y  t h i c k  l a y e r  of t h e  
It w a s  no t iced  t h a t  t h e  co lo r  of i nd iv idua l  g r a i n s  i n  the  poly- , 
c r y s t a l l i n e  sponge feed material (Monsanto Go.) var i ed .  
w e r e  l i g h t  orange but  some ranged from dark r e d  t o  black.  
a n a l y s i s  of t h e  two types of g r a i n s ,  Table 7 ,  showed t h a t  t h e  l i g h t  g r a i n s  
w e r e  s u b s t a n t i a l l y  purer  than t h e  dark g ra ins .  
The major i ty  
Spectrographic 
The r e s u l t s  of t h e  H a l l  c h a r a c t e r i z a t i o n ,  emission spec t rographic  
ana lyses  and mass spec t rographic  ana lyses  are i n  poor agreement, Tables 7 
and 14. The emission spec t rographic  ana lyses  (Jarrel l -Ash)  i n d i c a t e  t h a t  
t h e  GaP c r y s t a l s  were t h e  p u r e s t  materials produced during t h e  program. 
H a l l  c h a r a c t e r i z a t i o n  of boules  Gap-3 and -8 are i n  genera l  agreement 
wi th  t h i s  conclusion whi le  Gap-5 apparent ly  conta ins  a c t i v e  impur i t i e s  
not  de tec ted  by emission a n a l y s i s .  The mass spec t rographic  a n a l y s i s  
(Be l l  & Howell) showed t h a t  Gap-8 w a s ,  i n  f a c t ,  q u i t e  impure; i t  con- 
ta ined  many elements no t  de tec ted  by emission spectrographic  a n a l y s i s .  
Based on numerous ana lyses  of o t h e r  samples, i t  is  bel ieved t h a t  wi th  
t h e  p o s s i b l e  except ion of carbon, t h e  impur i t i e s  i n  t h e  c r y s t a l  r e su l t ed  
from impur i t i e s  i n  t h e  feed material r a t h e r  than handling procedures.  
The electrical behavior of t h e s e  impur i t i e s  i n  GaP is  not  w e l l  docu- 
mented i n  t h e  l i t e r a t u r e ;  however, i t  would be extremely f o r t u i t o u s  f o r  
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a l l  t h e s e  i m p u r i t i e s  t o  compensate f o r  one another  leaving only approxi- 
8 3 mately 10 carriers p e r  cm It is  more l i k e l y  t h a t  one o r  more act  as 
a deep l e v e l  t r a p  and compensate f o r  t h e  ma jo r i ty  of t h e  impur i t i e s .  
The carrier concen t r a t ion  w a s  r e l a t i v e l y  uniform i n  t h e  boule.  (9) 
The high concen t r a t ion  of oxygen i n  t h e s e  c r y s t a l s  probably r e s u l t e d  
from i n t e r n a l  ox ida t ion  of t h e  high-surface-area,  porous, p o l y c r y s t a l l i n e  
sponge feed material. Synthesis  of t h e  compound d i r e c t l y  from high- 
p u r i t y  elements should be  p a r t i c u l a r l y  e f f e c t i v e  i n  improving t h e  p u r i t y  
of GaP s i n g l e  c r y s t a l s .  
The q u a l i t y  of t h e s e  GaP c r y s t a l s  w a s  no t  as uniform as c r y s t a l s  of 
t h e  o t h e r  compounds grown during t h e  program; however, t h e  carrier mobili- 
t i es  i n  c r y s t a l s  GaP-3 and -5 show t h a t  good c r y s t a l s  can b e  grown by t h e  
l i q u i d  encapsulated Czochralski technique. The v a r i a b i l i t y  r e s u l t e d  both 
from t h e  d i f f i c u l t y  of remote c r y s t a l  growth ope ra t ion  and from the prob- 
a b l e  v a r i a b l e  q u a l i t y  of feed materials. 
no evidence of s u b s t r u c t u r e  i n  t h e  c r y s t a l s .  
Schulz x-ray topography showed 
Contacts f o r  H a l l  measurements on h i g h - r e s i s t i v i t y  GaP samples proved 
extremely d i f f i c u l t  t o  make. Most of t h e  room temperature H a l l  measure- 
ments on GaP samples w e r e  made by 6. Kel le t t ,  NASA/ERC. 
Although GaP c r y s t a l  growth experiments could no t  be pursued as f a r  
as d e s i r e d  during t h e  program, t h i s  work formed t h e  basis f o r  t h e  growth 
of high-quality GaP s i n g l e  c r y s t a l s  up t o  400 gms i n  weight i n  an ADL 
High P res su re  Model HP c r y s t a l  growing furnace.  The growth techniques 
developed are sound; however, more growth experiments are requ i r ed  t o  
optimize growth procedures. 
5. InP 
F ive  InP boules w e r e  grown by t h e  Czochralski technique during t h i s  
The growth parameters are summarized i n  Table 8 and both chemi- program. 
ca l  and H a l l  analyses  are given i n  Table 9. 
Growth of InP s i n g l e  c r y s t a l s  proved t o  be e l u s i v e .  Seeds were sec- 
t ioned from large-grain r eg ions  of InP-2 b u t  they were i n e f f e c t i v e  i n  
e s t a b l i s h i n g  t h e  growth d i r e c t i o n  and monocrystal l ine s o l i d i f i c a t i o n .  
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The g r a i n s  i n  InP-4 and -5 were equiaxed r a t h e r  than  columnar. 
of mic ros t ruc tu re  r e s u l t s  from nuc lea t ion  occurr ing ahead of t h e  growth 
i n t e r f a c e .  
mechanisms by which equiaxed s t r u c t u r e s  are produced. 
This  type  
C o n s t i t u t i o n a l  supercooling o r  f r a c t u r e  of dendr i t e s  are t h e  
Metal lographic  a n a l y s i s  of InP boules  2 and 5 ind ica t ed  t h e  presence 
of a second phase which w a s  p re sen t  a t  s u f f i c i e n t l y  high l e v e l s  i n  t h e  
lower end of InP-5 t o  be  de tec ted  by x-ray d i f f r a c t i o n  techniques.  It 
w a s  i d e n t i f i e d  as f r e e  indium. 
feed materials (Monsanto i n g o t s  11 and 18) showed t h a t  they were a l s o  two- 
phase. 
second phase. 
s t r u c t u r e s  r e s u l t  p r imar i ly  through s o l i d i f i c a t i o n  from phosphorus- 
d e f i c i e n t  m e l t s .  
Subsequent metal lographic  a n a l y s i s  of t h e  
Some g r a i n s  i n  InP i n g o t  18 contained 20-30 volume percent  of t h e  
It w a s  concluded t h a t  t h e  equiaxed p o l y c r y s t a l l i n e  micro- 
Spurious s u r f a c e  nuc lea t ion  was  a l s o  a con t r ibu t ing  f a c t o r  t o  t h e  
s o l i d i f i c a t i o n  of p o l y c r y s t a l l i n e  boules.  
su r f aces  of some InE' m e l t s .  
t a l l i n e  s o l i d i f i c a t i o n  i n  G a A s ,  InSb, and GaSb and w a s  bel ieved t o  be  a 
su r face  oxide  which forms by r e a c t i o n  e i t h e r  w i t h  d i sso lved  water i n  t h e  
B 0 
o r  t h e  charge.  
improved drying procedures f o r  t h e  B 0 w e r e  developed. 
A f i l m  was  observed on t h e  
A similar f i l m  w a s  the cause of polycrys- 
o r  w i t h  oxygen introduced t o  t h e  system as an  impuri ty  i n  t h e  gas  
No InP Czochralski  c r y s t a l  growth runs  were made s i n c e  
2 3  
2 3  
Five  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  ( v e r t i c a l  Bridgman) runs w e r e  
made wi th  InP m e l t s  a t  slower s o l i d i f i c a t i o n  rates than are practical f o r  
Czochralski growth. 
s to i ch iomet r i c  InP segrega t ing  t h e  excess I n  from t h e  m e l t s .  S o l i d i f i -  
c a t i o n  rates of approximately 2 mm pe r  hour were used i n  these  60-hour runs .  
These runs  were made i n  a s i n g l e  2-1/2-inch long x 1/2-inch I D ,  p y r o l y t i c  
BN, pointed bottom c r u c i b l e  (Union Carbide Co.). 
The goa l  of t h e s e  Bridgman runs  was  t o  produce 
The degree of segrega t ion  and t h e  shape of t h e  s o l i d i f i c a t i o n  i n t e r -  
f a c e  are shown c l e a r l y  i n  F igure  19 .  The convex shape of t h e  s o l i d i f i -  
c a t i o n  i n t e r f a c e  shows t h a t  t h e  h e a t  l o s s e s  from Bridgman growth appara- 
t u s ,  F igure  9,  were conducive t o  s i n g l e  c r y s t a l  s o l i d i f i c a t i o n .  Some 
phosphorus w a s  l o s t  during t h e  s o l i d i f i c a t i o n  runs  so t h e  i n i t i a l  
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FIGURE 19 AXIAL CROSS SECTION OF BRIDGMAN 
SOLIDIFIED InP BOULE 
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phosphorus de f i c i ency  of t h e  m e l t s  w a s  no t  as high as implied i n  Figure 
19. Most of t h e  phosphorus w a s  l o s t  p r i o r  t o  mel t ing t h e  InP when t h e  
B203 pe rco la t ed  down through t h e  charge,  exposing InP lumps a t  t h e  top 
of t h e  c r u c i b l e .  
The f i r s t  f o u r  r u n s  w e r e  made w i t h  charges made up from the InP 
These f o u r  Bridgman boules  boules grown by t h e  Czochralski process .  
were equiaxed p o l y c r y s t a l l i n e  b u t  appeared t o  be single-phase. The 
f i f t h  Bridgman run  was made w i t h  a charge made up from t h e  " f i r s t  t o  
s o l i d i f y "  r eg ions  of t h e  fou r  Bridgman boules.  
g r a i n  p o l y c r y s t a l l i n e .  This  approach w a s  no t  pursued f u r t h e r  because 
of t h e  terminat ion of t h e  program, b u t  i t  d i d  g ive  promising r e s u l t s .  
This  boule w a s  columnar 
Chemical and Hall ana lyses  showed t h e  InP boules  t o  be q u i t e  uni- 
form i n  composition along t h e i r  axes  and t o  have approximately the same 
impurity levels as t h e  r a w  material purchased from t h e  Monsanto Co. 
Achieving t h e  d e s i r e d  carrier concen t r a t ion  i n  s i n g l e  c r y s t a l s  w i l l  
probably r e q u i r e  higher-puri ty  s t a r t i n g  materials, s i n c e  l i t t l e  segrega- 
t i o n  of i m p u r i t i e s  is  apparent .  
6 .  GaSb 
Four GaSb growth experiments w e r e  made. The growth cond i t ions  are 
summarized i n  Table  10 and the r e s u l t s  of chemical and H a l l  analyses  are 
given i n  Table 11. 
Severe problems w e r e  encountered w i t h  t h e  formation of a non- 
v o l a t i l e ,  s o l i d  f i l m  on t h e  s u r f a c e  of t h e  GaSb m e l t s .  Long soaks a t  
temperatures above t h e  GaSb melt ing p o i n t  i n  N 
repeated remelt ing of etched charges were no t  e f f e c t i v e  i n  e l imina t ing  
t h e  oxide f i lm .  A B 0 l a y e r  was  used i n  runs 2a and 2b t o  d i s s o l v e  2 3  
t h e  "oxide" from t h e  s u r f a c e  of t h e  m e l t s .  It was  apparent  t h a t  t h e  
s u r f a c e  of t h e  m e l t  began t o  clear i n  r u n  2a, which was  held f o r  20 
hours a t  950°C. However, t h e  v i s c o s i t y  of t h e  B 0 apparent ly  increased 
wi th  d i s s o c i a t i o n  of t h e  f i l m  and t h e  c l e a r i n g  process  stopped. 
GaSb-2a charge w a s  s o l i d i f i e d  i n  t h e  c r u c i b l e ,  re-etched and melted 
with a new B203 l a y e r  (GaSb-2b). 
o r  Ar-H atmospheres and 2 2 
2 3  
The 
This  m e l t  remained c l ean  throughout 
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t h e  c r y s t a l  growth run  and t h e  B 0 w a s  s u f f i c i e n t l y  f l u i d  t h a t  i t  did 
not  i n t e r f e r e  wi th  t h e  growth process .  
same o r i e n t a t i o n  as t h e  seed w a s  grown i n  t h i s  run. 
2 3  
A s i n g l e  c r y s t a l  having t h e  
Two GaSb c r y s t a l s  (GaSb-3 and -4) w e r e  grown from m e l t s  synthesized 
from mixed elements i n  v i t r e o u s  carbon c r u c i b l e s .  The GaSb-3 m e l t  w a s  
r eac t ed  and melted without  a B 0 
m e l t  s u r f a c e  and prevented s i n g l e  c r y s t a l  growth, as had been t h e  case 
wi th  GaSb-1 and -2a. The charge w a s  s o l i d i f i e d ,  etched and remelted wi th  
a B 0 encapsulant and t h e  s u r f a c e  remained c l ean  throughout t h e  encapsu- 
l a t e d  c r y s t a l  growth run. The GaSb-4 m e l t  w a s  made up from t h e  remainder 
of t h e  GaSb-3 charge and t h e  GaSb-3 boule.  
shaped and contained one growth twin. 
a B203 encapsulated m e l t  t o  prevent  t h e  formation of a s o l i d  f i l m  on t h e  
su r face  of t h e  m e l t .  
encapsulant .  A s o l i d  f i l m  formed on t h e  2 3  
2 3  
The GaSb-3 boule w a s  poorly 
This  c r y s t a l  w a s  a l s o  grown from 
The chemical and H a l l  ana lyses  repor ted  i n  Table 11 show t h a t ,  l i k e  
InP, t h e  boules  were uniform i n  composition and had approximately t h e  
same p r o p e r t i e s  as t h e  r a w  material. 
g a t i o n  of t h e  impur i ty(s )  r e spons ib l e  f o r  t h e  e l e c t r o n  def ic iency  i n  GaSb. 
The i m p u r i t i e s  causing t h e  observed p-type behavior have not  been i d e n t i -  
f i e d  p o s i t i v e l y  but  S i  may be  p a r t i a l l y  respons ib le .  
There i s  apparent ly  l i t t l e  segre- 
S i l i c o n  a c t s  as a donor i n  GaSb'O) and i s  present  both i n  t h e  r a w  
material (Monsanto) and t h e  c r y s t a l s  a t  approximately the  same levels, 
which agrees wi th  t h e  H a l l  measurenents. 
d i s t r i b u t i o n  c o e f f i c i e n t  of S i  i n  GaSb w a s  l oca t ed ;  however, a t tempts  t o  
lower t h e  impuri ty  level by repea ted  zone r e f i n i n g  have not  been success- 
f u l ,  suggest ing a d i s t r i b u t i o n  c o e f f i c i e n t  near un i ty .  I f  t h i s  is  t h e  
case, lower carrier concent ra t ions  w i l l  be  achieved only by using higher- 
p u r i t y  s t a r t i n g  materials. 
No published da ta  f o r  t h e  
7 .  InSb 
The growth parameters used t o  produce charac te r ized  InSb boules are 
s u m a r i z e d  i n  Table 12. The r e s u l t i n g  chemical and H a l l  ana lyses  are 
given i n  Table 13. Severa l  growth runs  w e r e  made wi th  melts  made up from 
mixed elements t o  e s t a b l i s h  growth parameters p r i o r  t o  using high-qual i ty  
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feed materials. 
The r e s u l t s  of o t h e r  growth runs  were no t  included because t h e  boules 
were gene ra l ly  remelted p r i o r  t o  c h a r a c t e r i z a t i o n .  
Boule I d  w a s  t h e  f o u r t h  boule grown from t h e  f i r s t  m e l t .  
The s u r f a c e s  of m e l t s  made up from mixed elements w e r e  covered by 
s o l i d  f i l m s .  
s o l i d i f i e d  m e l t s  o r  p u l l i n g  t h e  s o l i d i f i e d  s u r f a c e  from t h e  s t i l l - m o l t e n  
InSb. I n  t h e  f o u r t h  remelt ing 
of M e l t  1, when boule I d  w a s  grown, "oxidation" occurred a t  a g r e a t l y  re- 
duced rate i n d i c a t i n g  t h a t  t h e  m e l t  r a t h e r  than t h e  atmosphere w a s  t h e  
source of t h e  contaminant (oxygen). 
Numerous a t t empt s  were made t o  e l imina te  i t  by etching 
I n  every case t h e  s u r f a c e  f i l m  reformed. 
It w a s  observed during t h e  InSb-1 and -2 growth experiments t h a t  i f  
any oxide w a s  p r e s e n t  on t h e  m e l t  s u r f a c e  ad jacen t  t o  t h e  growth area, 
s u r f a c e  nuc lea t ion  would produce a p o l y c r y s t a l l i n e  boule.  This  e f f e c t  
is  demonstrated by boule  I d ,  which i s  a s i n g l e  crystal ,  and by boule  2 ,  
which is  p o l y c r y s t a l l i n e .  
mained e s s e n t i a l l y  f r e e  of t h e  oxide i n  t h e  area ad jacen t  t o  the growth 
i n t e r f a c e  throughout most of t h e  run. 
The m e l t  from which boule Id  w a s  pu l l ed  re- 
An InSb-3 w a s  grown w i t h  material purchased from t h e  Monsanto Co. 
This m e l t  remained e n t i r e l y  f r e e  of t h e  oxide throughout t h e  e n t i r e  run,  
which v e r i f i e d  t h a t  c o n t r o l  of t h e  furnace atmosphere w a s  s a t i s f a c t o r y  
and t h a t  t h e  oxide f i l m  observed during previous runs r e s u l t e d  from i m -  
p u r i t i e s  i n  t h e  feed materials. 
The f i r s t  t h r e e  InSb growth runs  were c a r r i e d  ou t  i n  v i t r e o u s  carbon 
c r u c i b l e s  (Vitreous Carbons, Ltd., England). The m e l t s  showed no tendency 
t o  w e t  o r  s t i c k  t o  c r u c i b l e s .  Only one c r u c i b l e  w a s  broken as a r e s u l t  
of t h e  volumetr ic  expansion which occurs  upon s o l i d i f i c a t i o n ,  and i t  had 
a l a y e r  of B 0 over t h e  InSb su r face .  There w a s  some i n d i c a t i o n  that 
molten antimony w e t s  v i t r e o u s  carbon, bu t  i t  did n o t  cause any problems 
during melt ing o r  growth. 
2 3  
A l l  of t h e  InSb boules  w e r e  grown using a <111> seed purchased from 
t h e  Monsanto Co. w i t h  t h e  "A face" away from t h e  m e l t .  
melts t h a t  w e r e  f r e e  of oxide ( l d  and 3) assumed t h e  same o r i e n t a t i o n  as 
t h e  seed which w a s  approximately 10' from a <111> a x i s .  
Boules grown from 
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Besides being 10" off  t h e  des i r ed  <11P a x i s ,  t h i s  InSb seed con- 
A s  a r e s u l t ,  i t  w a s  necessary t o  neck t a ined  many s t r i a t i o n  boundaries.  
t h e  s i n g l e  c r y s t a l  t o  approximately a 2-mm diameter t o  produce c r y s t a l s  
which w e r e  f r e e  of t h e  subs t ruc tu re  observed i n  t h e  seeds.  
tals I d  and 3 had a higher  c rys t a l log raph ic  q u a l i t y  than t h e  seed m a t e -  
r i a l .  
InSb crys- 
The InSb-4 growth run w a s  undertaken p a r t l y  t o  determine whether 
InSb could be grown under vacuum. A s o l i d  s u r f a c e  f i l m  formed soon 
a f t e r  t h e  InSb melted i n  vacuum, and vapor i za t ion  l o s s e s  from t h e  m e l t  
w e r e  obviously high from t h e  ra te  of condensation on t h e  cooled furnace 
w a l l s .  
brought t o  atmospheric pressure .  The InSb-4 boule  w a s  p o l y c r y s t a l l i n e  
and has not  been cha rac t e r i zed  f u r t h e r .  
The s o l i d  s u r f a c e  f i l m  disappeared soon after t h e  furnace w a s  
H a l l  samples w e r e  cu t  from both s i n g l e - c r y s t a l  boules.  The r e s u l t s  
of t h e s e  experiments a t  l i q u i d  n i t rogen  temperature are given i n  Table 
13, along wi th  t h e  c h a r a c t e r i s t i c s  of t h e  feed materials repor ted  by 
Monsanto and our spec t rographic  ana lyses .  The carrier concent ra t ion  
and mobi l i ty  observed i n  c r y s t a l  Id  are s u r p r i s i n g l y  good compared t o  
va lues  normally observed f o r  111-V compounds t h a t  have been synthesized 
by t h e  most e l a b o r a t e  procedures.  
approximately two o r d e r s  of magnitude lower than t h a t  of boule  Id  and 
is  w e l l  w i th in  t h e  program goal .  The carrier concent ra t ion  i n  boule 3 
i s  t h e  same order  of magnitude repor ted  by Monsanto and i n d i c a t e s  t h a t  
l i t t l e  contamination w a s  introduced during c r y s t a l  growth. 
i s  roughly an  order  of magnitude lower, which may be  caused by c r y s t a l -  
lographic  d e f e c t s  i n  t h e  boule.  
Boule 3 has a carrier concent ra t ion  
The mobi l i ty  
Both boules are good s i n g l e  c r y s t a l s .  
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V I .  CONCLUSIONS 
The l iquid-encapsulat ion m e l t  process  has  proven t o  o f f e r  a number 
of advantages f o r  t h e  growth and syn thes i s  of 1 1 1 - V  compound semicon- 
duc tors  compared t o  t h e  techniques normally employed. 
The process  i s  p a r t i c u l a r l y  app l i cab le  t o  the  growth of c r y s t a l s  
from m e l t s  having high vapor pressures :  
It has  a l s o  proven u s e f u l  f o r  e i t h e r  d i sso lv ing  t h e  oxides from antimo- 
n ide  m e l t s  o r  upgrading t h e  charges so a solid su r face  f i l m  does not  form 
during t h e  c r y s t a l  growth process .  
vantages of t h e  growth technique: 
t h e  a r sen ides  and phosphides. 
The following are some s p e c i f i c  ad- 
(a)  Seeded Czochralski growth can be undertaken wi th  s u b s t a n t i a l l y  
b e t t e r  v i s i b i l i t y  of t h e  growth process  than is usua l ly  a t t a i n e d  wi th  
t h e  hot-wall au toc lave  processes .  
(b) The maximum diameters  of c r y s t a l s  t h a t  can be grown by t h i s  
process  are l imi t ed  only by t h e  same f a c t o r s  which set  upper l i m i t s  i n  
convent ional  Czochralski o r  Bridgman growth. 
phosphide s i n g l e  c r y s t a l s  wi th  diameters  i n  excess of 3 inches appears  
e n t i r e l y  f e a s i b l e .  
Growth of a r sen ide  and 
(c) The stresses i n  t h e  w a l l s  of t h e  furnace system are confined 
t o  cooled areas. 
wi th  prevent ing cor ros ion  of t h e  furnace and in su r ing  t h e  s a f e t y  of 
personnel when t h e  furnace is operated a t  t h e  p re s su res  and temperatures 
f o r  t h e  phosphides. 
This  s u b s t a n t i a l l y  reduces t h e  problems assoc ia ted  
(d) The hot  phosphorus and a r s e n i c  vapors are not  genera l ly  pres- 
e n t  i n  t h e  furnace chamber, which e l imina tes  a major source of m e l t  
contamination. Also,  t h e  growth s t a t i o n  materials can be f r e e l y  se- 
l ec t ed  t o  minimize contamination s i n c e  they are not  load bear ing.  
Compounds wi th  h ighly  v o l a t i l e  c o n s t i t u e n t s  can be synthesized 
under a l i q u i d  encapsulant .  
120 gms, w e r e  synthesized under a B203 encapsulant .  
Stoichiometr ic  GaAs m e l t s  as l a r g e  as 
GaP m e l t s  
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synthesized by t h e  same technique w e r e  phosphorus-deficient,  bu t  the 
technique appears  equal ly  u s e f u l  f o r  it and o the r  compounds. 
c r y s t a l s  grown from m e l t s  t h a t  were synthesized by t h i s  technique ind i -  
cate t h a t  h igh  p u r i t i e s  can be achieved. I n  fact ,  t h e  technique appears  
t o  be e s p e c i a l l y  a t t r a c t i v e  f o r  GaP syn thes i s  s i n c e  contamination of 
t h e  high-surface-area sponge would be avoided. 
c l e a r  a f t e r  syn thes i s ,  permi t t ing  Czochralski ,  and of course Bridgman, 
growth t o  be i n i t i a t e d  without  handling t h e  m e l t  f u r t h e r .  
The G a A s  
The encapsulant remained 
The p u r i t y  of t h e  B203 used as t h e  encapsulant  i s  a major f a c t o r  i n  
producing high-qual i ty  c r y s t a l s  by t h i s  technique. Both metallic ele- 
ments and d isso lved  and/or absorbed water-impurity l e v e l s  must be care- 
f u l l y  con t ro l l ed .  
Ltd. ,  has  been found s u f f i c i e n t l y  f r e e  of type  I1 and I V  elements t o  be  
u s e f u l .  Drying and s t o r a g e  procedures have been developed which reduce 
t h e  d isso lved  water t o  s u i t a b l e  levels. The boron contamination of t h e  
m e l t s  by t h e  B 0 encapsulant is s u r p r i s i n g l y  low, gene ra l ly  less than 
1-10 ppm by weight.  
The material purchased from t h e  B r i t i s h  Drug House, 
2 3  
The s e l e c t i o n  of a s u i t a b l e  c r u c i b l e  material is c l e a r l y  more com- 
p lex  f o r  high-temperature c r y s t a l  growth wi th  a l iquid-encapsulated m e l t  
than when no encapsulant  is used. The c r u c i b l e  must be a b l e  t o  conta in  
both l i q u i d s  f o r  t h e  du ra t ion  of t h e  growth run  without  contaminating 
t h e  encapsulated m e l t .  High-purity fused s i l ica  has  proven as satis- 
f a c t o r y  f o r  growth of high-puri ty  1 1 1 - V  compound c r y s t a l s  i n  t h e  pres-  
ence of a B 0 encapsulant  as they have when no encapsulant i s  used. 
There i s  some evidence of contamination of t h e  c r y s t a l s  by S i  from t h e  
S i 0  c ruc ib l e s .  Vi t reous  carbon has been used s a t i s f a c t o r i l y  wi th  GaSb, 
InSb, and InAs. 
and G a A s  encapsulated m e l t s .  
ones which could be used more than once. 
2 3  
2 
Pyro ly t i c  BN c r u c i b l e s  w e r e  used success fu l ly  wi th  InP 
The p y r o l y t i c  BN c r u c i b l e s  w e r e  t h e  only 
S ingle  c r y s t a l s  of G a A s ,  Gap, and InSb w e r e  grown from commercially 
a v a i l a b l e  r a w  materials which meet t h e  c a r r i e r  concent ra t ion  goa l  of t h e  
program (N - < 1 0 l 6  per  cm ) e Negl ig ib le  p u r i f i c a t i o n  r e s u l t e d  during 
s o l i d i f i c a t i o n  of InAs, InP, o r  GaSb. A t  p re sen t ,  i t  appears  t h a t  sources  
3 
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f o r  higher-puri ty  r a w  materials must become a v a i l a b l e  i f  s i g n i f i c a n t l y  
higher-puri ty  c r y s t a l s  of t h e  lat ter materials are t o  be produced. 
GaSb r a w  material i s  p a r t i c u l a r l y - i m p u r e .  
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APPENDIX A 
SETUP AND SHUTDOWN PROCEDURES 
SETUP PROCEDURE 
(1) Remove t h e  upper and lower s h a f t  glands f o r  c leaning and inspec- 
t i o n .  Replace O-rings and f e l t  wipers as necessary.  
replaced a f t e r  each high-pressure,  phosphide c r y s t a l  growth run.)  
(They are normally 
(2) Ligh t ly  coat  t h e  upper and lower s h a f t s  with vacuum grease be- 
f o r e  p l ac ing  them i n  t h e  s h a f t  glands. After t h e  s h a f t s  are i n  place,  
remove t h e  grease from t h e  po r t ion  of t h e  s h a f t s  i n s i d e  t h e  furnace wi th  a 
wiper moistened i n  acetone. 
(3)  Replace t h e  c r y s t a l  growth s t a t i o n  package ( r f  c o i l ,  h e a t  s h i e l d s ,  
g r a p h i t e  suscep to r ,  molybdenum support ,  d i s c s ,  and space r s )  and t h e  i n n e r  
i n f r a r e d  absorbing window. 
( 4 )  P o s i t i o n  thermocouple w i t h i n  1/8" of t h e  maximum he igh t .  An 
ohmmeter is  connected t o  t h e  thermocouple t o  i n d i c a t e  when t h e  junc t ion  
con tac t s  the p r o t e c t i o n  tube o r  susceptor .  The thermocouple is  then with- 
drawn no more than 1/8". 
(5) Connect t h e  m e l t  con tac t  w i r e  t o  t h e  e lec t r ica l  feed-through and 
p o s i t i o n  t h e  m e l t  con tac t  (high p res su re  furnace only) .  
( 6 )  I n s e r t  the c r u c i b l e  and charge i n t o  t h e  susceptor .  P o s i t i o n  the  
electrical  con tac t  i n  t h e  c ruc ib l e .  
(7) Attach t h e  seed-seedholder assembly t o  t h e  upper s h a f t .  
(8) P o s i t i o n  t h e  d r i e d  B 0 i n  t h e  c ruc ib l e .  
(9) Close t h e  p o r t .  
2 3  
(10) Open t h e  gas i n l e t  valves a t  t h e  chamber t o  permit evacuation of 
t hese  l i n e s  with t h e  rest of t h e  system. The valve a t  t h e  gas r e g u l a t o r  
should be  closed i f  t h e  r e g u l a t o r  cannot support  a vacuum. 
91 
Arthur D Little, Inc 
(11) Check t h e  mechanical operat ion of t h e  p u l l i n g  s h a f t s .  
(12) Turn on t h e  cool ing water t o  t h e  d i f f u s i o n  pump, induct ion c o i l ,  
furnace chamber, and water-cooled seed s h a f t ,  i f  used. 
-5 (13) Evacuate t h e  system t o  10 t o r r .  
TERMINATION OF THE GROWTH RUN 
(1) Lower t h e  furnace temperature and shu t  o f f  r f  generator .  
(2) Lower ambient gas p re s su re  t o  below 300 ps ig .  
(3) Allow t h e  system t o  cool  t o  room temperature.  
( 4 )  Open t h e  furnace and remove c r y s t a l .  An a i r  mask should be worn 
when t h e  chamber i s  open a f t e r  phosphide growth runs u n t i l  t h e  furnace has  
been cleaned thoroughly. 
(5) Lower t h e  thermocouple t i p  out  of t h e  furnace chamber by dropping 
t h e  body of t h e  thermocouple down through t h e  lower p u l l i n g  s h a f t .  
(6) Remove t h e  growth s t a t i o n  package ( r f  c o i l ,  h e a t  s h i e l d s ,  graph- 
i t e  suscep to r ,  molybdenum support ,  d i s c s ,  and space r s )  and t h e  i n n e r  in-  
f r a r e d  absorbing window f o r  cleaning. 
(7) Recap t h e  furnace c o i l  f l anges  w i t h  blank p l a t e s ,  a f t e r  removal 
of t h e  r f  c o i l ,  t o  prevent a c c i d e n t a l  f l ood ing  of t h e  furnace system. 
(8) Wipe t h e  chamber w a l l s  w i th  disposable  wipers moistened i n  ace- 
tone t o  remove condensed a r s e n i c  and phosphorus. Polyethylene gloves and 
an a i r  mask should be worn during cleaning.  
i n  a p l a s t i c  bag p r i o r  t o  d i sposa l .  
The wipers should be  s e a l e d  
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APPENDIX B 
PREPARATION OF BORIC OXIDE (B203) ENCAPSULANT 
(1) Put 15-20 grams of un t r ea t ed  B 0 i n t o  t h e  Pt-Au a l l o y  c r u c i b l e  2 3  
using polyethylene-covered tongs o r  polyethlene gloves.  
Load t h e  c r u c i b l e  i n t o  t h e  furnace.  (2)  
(3) Pump t h e  furnace down t o  approximately 5 x 10 -4 t o r r .  
( 4 )  A f t e r  t u rn ing  on t h e  water cooling t o  t h e  r e s i s t a n c e  elements, 
follow t h e  degassing h e a t i n g  cycle  shown below. 
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(5) A f t e r  degassing and cool ing t o  room temperature,  p l ace  t h e  charge 
i n  a vacuum d e s i c c a t o r .  
gloves.  The charge is s t o r e d  a t  a p res su re  of 25 microns Hg. 
Handle t h e  charge w i t h  disposable  polyethylene 
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APPENDIX C 
MATERIALS HANDLING PROCEDURES 
SAFETY 
Wrap incoming a r sen ide  and phosphide bulk materials i n  p l a s t i c ,  seal  
with t a p e ,  and s t o r e  i n  a d e s i c c a t o r  t o  avoid r e a c t i o n  with water vapor 
and o t h e r  contarninants. 
do no t  p re sen t  any hazard un le s s  ingested.  
be s t o r e d  i n  a dry atmosphere, s i n c e  i t  w i l l  react spontaneously with water 
i n  w a r m ,  humid atmospheres. 
I n  bu lk  form a t  room temperature t h e s e  compounds 
The porous GaP sponge should 
Cut charges f o r  m e l t s  from t h e s e  bulk materials by sawing them under 
a water b l anke t  i n  a hood. Small amounts of a r s i n e  (ASH ) o r  phosphine 
(PH ) gases  may be  generated during t h e  c u t t i n g  ope ra t ion  bu t  should be  
contained w i t h i n  t h e  hood. 
should b e  continuously f lushed i n t o  t h e  d r a i n  as i t  is  generated.  
t h e  w i r e  s a w  and t h e  surrounding area i n  t h e  hood clean,  and wear e i t h e r  
rubber o r  polyethylene gloves when c u t t i n g  o r  po l i sh ing  these  materials. 
3 
3 
Fine p a r t i c u l a t e  d e b r i s  r e s u l t i n g  from t h e  cu t  
Keep 
A l l  of t h e s e  materials must be acid-etched be fo re  they are placed i n  
c r u c i b l e s  f o r  c r y s t a l  growth runs.  As several t o x i c  gases can be genera- 
t e d  during t h e s e  r e a c t i o n s ,  a l l  e t ch ing  should be  done i n  hoods by person- 
n e l  wearing polyethylene gloves. 
C r y s t a l  growth is  c a r r i e d  out i n  c losed furnace systems containing 
n i t rogen ,  argon, o r  argon-hydrogen atmospheres. Es t ab l i sh  t h e  ambient 
furnace atmosphere a f t e r  evacuation t o  high vacuum. (All  vacuum pumps 
should exhaust d i r e c t l y  i n t o  hood ducting.)  Ambient gas p re s su res  range 
from 1 t o  55 atmospheres. Discharge l i n e s  from t h e  p re s su re  r e l i e f  s a f e t y  
valves should be  connected t o  hood duct ing.  
Arsenic and phosphorus vapors from G&, InAs, GaP, and InP m e l t s  
w i l l  condense on t h e  co ld  furnace w a l l s .  Upon exposure t o  a i r  a f t e r  t h e  
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furnace i s  opened, they can react with water vapor t o  form a r s i n e  and phos- 
phine. Therefore,  be fo re  opening t h e  furnace,  f l u s h  t h e  cooled system 
wi th  n i t r o g e n  o r  argon gas t o  remove t h e  a r s i n e  and phosphine generated 
during c r y s t a l  growth. A s m a l l  hood connected t o  f l e x i b l e  duct ing should 
then be  pos i t i oned  d i r e c t l y  above t h e  furnace access p o r t  t o  c o l l e c t  any 
remaining gases  and any a r s e n i c  o r  phosphorus dus t  t h a t  may remain. 
Using paper towels,  wipe o f f  t h e  a r s e n i c  o r  phosphorus t h a t  condensed 
on t h e  furnace w a l l s  during t h e  c r y s t a l  growth run. Use high-puri ty  ace- 
tone,  a l coho l ,  o r  f r eon  as a s o l v e n t  f o r  t h e  f i n a l  c leaning s t e p s .  Always 
wear gloves when cleaning.  S to re  t h e  paper towels,  which con ta in  powdered 
a r s e n i c  o r  phosphorus, i n  s e a l e d  p l a s t i c  bags; t h i s  w i l l  prevent t h e  powder 
from escaping i n t o  t h e  room o r  r e a c t i n g  wi th  w a t e r  vapor t o  form a r s i n e  o r  
phosphine. Be s u r e  t h a t  t h e s e  bags are s a f e l y  disposed o f .  
P l ace  compressed a i r  tanks and b rea th ing  masks ad jacen t  t o  t h e  fur-  
nace so  t h a t  they w i l l  be  r e a d i l y  a v a i l a b l e  i f  needed. 
CHEMICAL POLISHING 
The following s o l u t i o n s  have been found s a t i s f a c t o r y  f o r  chemical 
po l i sh ing  a t  room temperature: 
G a A s  
InAs 
GaP 
InP 
GaSb 
InSb 
60% 
20% 
20% 
60% 
20% 
20% 
50% 
50% 
96% 
4% 
50% 
25% 
25% 
50% 
25% 
25% 
m03 HF 
H3P04 
m03 HF 
H3P04 
m03 HC1 
H C 1  
m03 
m03 HF 
Glacial Acet ic  Acid 
HN03 
HF 
Glacial Acetic Acid 
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